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The geometric, physical, dynamic and scattering properties of ash particulates resulting from 
Australian biomass, along with the complex permittivity, have been presented within this 
dissertation. The rationale behind this work relates to the characterisation of the fundamental 
scattering properties of ash particulates, with the primary goals being to aid active radar 
system design and to provide a basic framework for a complex inverse scattering model.  
The reflectivity coefficient for a volumetrically dispersed medium has been defined by 
characterising three distinct properties of ash. Firstly, statistical modelling of ash created 
from various plant and tree species was conducted in order to describe its geometric and 
material behaviour. Here, similarities between plant and tree species with comparable foliage 
were noted. Three probability distribution functions (PDF) relating to the projected area, 
aspect ratio and through thickness dimensions for large ash particles (>0.2mm2) have been 
mapped. Material investigation has included analysis of the effects of temperature on biomass 
and the resultant geometric changes this incurs. Furthermore, the effects of natural moisture 
absorption rates and porosity estimations using measured and micro-computer-tomography 
(Micro-CT) techniques have been presented.  
An analysis of the dynamic behaviour of ash particles within a defined volume of space 
displaying different modes provides the second area of investigation. Particular focus has 
been given to the ascent and descent phases of the ash particles, with analysis of three 
dynamic stability modes; namely tumbling, fluttering and chaotic random. Probability 
distribution functions for orientation and analysis of velocities and Reynolds numbers have 
been established using video processing techniques.   
The complex permittivity of ash at both low and high temperatures has been measured. 
Here, an empirically derived mixing law has been established to theoretically model the 
complex permittivity of ash. This model also takes into account concentrations of water that 
may be absorbed by the highly porous material.  
By applying the knowledge gained from the analysis of ash particles, extensive modelling 
and measurement work has been carried out to determine their reflectivity. Simulated 
modelling of the ash has been achieved using a hybrid simulation scheme to accurately 
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1.1  Introduction 
 
Remote sensing technologies are fast becoming the most attractive option for monitoring 
natural phenomena in today’s modern society [1, 2]. Moreover, there is a growing 
expectation that countries will invest in technologies which protect, assess, alert and inform 
the wider community of pending danger. The rapid expansion in advance sensing 
technologies is primarily driven by the need to better understand natural phenomena, with the 
primary objectives of protecting life and minimising risk. In many cases, a country’s 
geographical location will dictate the types of natural phenomena that may occur. Countries 
such as Japan, which lie on the pacific ring of fire are more prone to earthquakes, volcanic 
eruptions, landslides and tsunamis, while low lying tropical areas may be more prone to 
flooding. Australia, being one of the driest continents in the world, coupled with its highly 
flammable vegetation, has a significantly high fire risk [3-6]. The need for viable remote 
sensing technologies to track forest fires has never been greater [1]. On the 7th of February 
2009, Australia suffered one of its largest, most destructive bushfires in the nation’s history. 
The systems in place were not able to track the fire progression with high enough feudality 
[1], thus proving that they are inadequate in overcoming large scale fire emergencies. 
Over the last few decades, great progress has been made into understanding the behaviour 
of bushfires. The advances in predictive models have moved leaps and bounds due to the 
implementation of remote sensing data [7, 8]. Even so, further research must be undertaken to 
provide a more robust analysis of how fires dynamically interact with vegetation and the 
atmosphere.  
Radar (Radio Detection and Ranging), is a device which transmits an electromagnetic 
signal, senses received echoes and then analyses these echoes from a reflecting target [9]. It 
has unique system characteristics favourable for tracking fires, namely its active sensing 
capability which is not currently available with passive optical systems. Radar gathers 
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information about a target of interest, such as its range, bearing, velocity, size and basic 
identification. This data can be greater than 4-dimensional (4D) in size, providing valuable 
information not only on where fire activity is present, but on how a fire is behaving. The 
implementation of radar when coupled with other active sensing technologies can provide a 
vital sensing capability not currently available to emergency services.  
 
1.2 Radar, Radar Cross-Section, Frequencies and Ash 
 
Since the inception of radar in the 1940’s, the development of systems for remote sensing 
applications is becoming more prevalent. Examples of such systems include collision 
avoidance, Doppler weather (ground and aircraft), ground penetrating, marine, snow 
avalanche, and volcanic eruption detection radars, to name a few. In low to medium range 
applications (≤100 km), the cost of these systems has also substantially decreased due to the 
availability of solid state technologies such as monolithic microwave integrated circuits 
(MMIC’s). These miniature RF circuits are complemented by the advancements in computing 
power and digital signal processing (DSP) platforms such as dedicated DSP processors and 
field-programmable gate arrays (FPGA). Development in MMIC’s has not only led to better 
system performance but has also opened avenues for utilising higher frequency bands, thus 
offering new avenues for research and development in a variety of remote sensing 
applications.  
The building blocks required for designing a radar system begin with an in-depth 
knowledge of its intended purpose and target classification requirements, including assessing 
the target’s radar cross-section (RCS). The standard definition of the RCS is “4π times the 
ratio of the power per unit solid angle scattered in a specified direction, to the power per unit 
area of an incident plane wave scattered from a specified direction” [9]. This forms the basis 
for the three radar configurations and scattering cases which include:- 
 
 Monostatic or backscatter RCS is when the incident and reflected scattering 
directions are coincident but opposite [9].  
 
 Forward-scatter RCS is where the energy reflected or scattered is in the same 
direction as the propagation path of the incident wave [9]. 
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 Bi-static RCS is when the energy reflected or scattered is in any direction other than 
the incident direction or that which is opposite of the incident direction [9]. 
 
The RCS of a target is dependent on many physical and electromagnetic properties. These 
include: geometric properties, dynamic properties, electromagnetic or RF material properties, 
transmit frequency, transmit polarisation, receive polarisation and incident angle.  
The geometric properties define the volumetric shape of a scattering target while the 
dynamic properties, (in the case of natural targets), define its orientation relative to a 
propagating field. Finally, a target’s electromagnetic material properties are defined by the 
complex permittivity and permeability of its base material. The complex permittivity is 
defined as a macroscopic material property which relates the electric flux density D to the 
electric field E of a propagating electromagnetic  wave through a medium [10]. Moreover, 
the complex permeability relates the magnetic flux density B to the magnetic field H [10]. 
These material properties define the maximum possible scatter that a target of the same 
geometric shape can achieve.  
For dispersed mediums such as those represented by particulates suspended within a 
volume, the RCS becomes representative of the total possible scatter by all bound targets. 
This is often referred to as volume scatter or reflectivity. Here, scatter is caused by 
inhomogeneities within a scattering volume. The inhomogeneities can be described as being 
discrete particles, discrete structures or continuous spatial variations of refractive index 
within free-space [10]. By changing the refractive index of free-space and hence its wave 
impedance, the energy of an incident electromagnetic wave is scattered in all directions.  
The volume of scattering is known as the volumetric resolution cell which defines the 
minimum volume and therefore the minimum spatial resolution for which radar can 
distinguish differences between multiple targets in three-dimensional (3D) space. Dispersed 
mediums are generally associated with meteorological remote sensing. Common dispersed 
mediums include rain precipitation, snow, volcanic ash, dust, insects and finally, fire smoke 
plumes.  
When describing dispersed mediums, it is common practice in most cases to define the 
scattering by a Rayleigh scatter distribution. Depending on the ratio between wavelength and 
particle size, this may also be described as a Mie scatter distribution or a combination of the 
two. For non-uniformly shaped particles, the scattering becomes more random and extremely 
complex to analyse. Here, these types of scattering mediums do not always comply with a 
Rayleigh or Mie distribution. The particulates found in forest fire smoke plumes are 
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inherently non-uniform in shape and inhomogeneous in structure [11]. Biomass cellular 
structures form the framework for these complexities which require further investigation 
from the existing body of knowledge. Due to the structure of ash, the resultant scattering may 
not fully comply with a Rayleigh or Mie distribution and so the fundamental interactions 
between electromagnetic waves and the particulates requires further examination.  
Considering the wide variety of tree and plant species found throughout the world’s 
forests, different types of biomass and their scattering characteristics must be known in order 
to build a fundamental understanding of their scattering properties. Once the scattering 
mechanisms behind dispersed mediums such as ash particulates are firmly understood, an 
inverse scattering model can be implemented. With the capability to correlate measured 
scattering fields to the physical properties of a target, the inverse scattering model is of great 
importance. In the case of naturally occurring phenomena, this capability relies heavily on 
statistical methods. For ash particulates suspended within smoke plumes, the correlated 
scatter may be used to represent properties of fires such as intensity, size, water content, mass 




When examining the extent of fire detection technologies available within Australia, the 
abundance of real-time systems is restricted to those operating in the optical and infrared (IR) 
regions of the electromagnetic spectrum (EM). High capacity computing, coupled with the 
increase in cheap microwave components, has now opened the door for active sensors to be 
implemented to complement existing optical systems. Furthermore, there is the capability to 
analyse real-time fire weather, plume size and direction.   
Fundamentally, the implementation of radar for fire detection has been limited by physical 
technological boundaries, cost and understanding of the principle scattering mechanisms.  
Although technological advances in RF system design, recent cost reductions and better 
signal processing have solved many of these limitations, fundamental scattering mechanisms 
are still poorly understood. The motivation of this dissertation is to provide a better 
understanding of these fundamental scattering sources from fires. Ultimately, this research 
hopes to further diversify and improve current fire sensing technologies in an effort to better 
analyse and manage large fire threats. It is believed that active-based sensors can play a vital 
role in fulfilling this aim. 
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1.3.1 Thesis Overview 
 
This dissertation aims to investigate the primary scattering characteristics of forest fire ash 
through the study of their geometric properties, dynamic behaviour, relative complex 
permittivity and complex permeability, volumetric radar cross-section and extinction cross-
section. The scattering characteristics at two spectral bands, being X-Band (8GHz – 12GHz) 
and Ka-Band (26.5GHz – 40GHz), have been analysed in detail. These two bands represent a 
comparison in the scattering characteristics between popular X-Band radar systems and 
emerging systems in the low millimetre-wave bands. 
 
Chapter 2 presents a detailed literature review. The review looks explicitly at the use of 
radar in applications of fire observation. This chapter also reviews the current literature on 
observations of fire smoke plumes using UHF, L, C, S, X and W-band Doppler and non-
Doppler weather radar systems. A case study of weather radar observations of forest fires is 
presented for three fires, including the major Australian Black Saturday fires which occurred 
on the 7th of February 2009. 
 
Chapter 3 presents a detailed investigation into the geometric and physical material 
properties of leaves. The geometric properties are reviewed to gain insight into the expected 
baseline shapes of ash particles. Material properties such as elemental composition, moisture 
absorption rates, porosity, mass variations and colour changes with temperature are examined 
to understand the behaviour of the organic cell structures. Finally, the dynamic behaviour of 
ash particles dispersed within a volume of space is explored. These physical properties are all 
determined experimentally and are based on a variety of common Australian flora. However, 
samples have also been explored for non-native species. 
  
Chapter 4 reviews the electromagnetic material properties of ash particles. This chapter is 
dedicated to examining both the relative complex permittivity and permeability of ash 
samples from particles prepared in two temperature regions. The first region represents that 
which is found between the unburnt state (22 °C) to 600 °C. Here, controlled samples have 
been prepared at specific temperature levels and their relative complex permittivity and 
permeability values measured. The second regions is that representing high temperatures. 
Within this region samples were created in fires with flame temperatures from 800 °C – 1200 
°C.  




Chapter 5 explicitly observes the effects of RCS, attenuation and validation of a co-
simulation scheme developed to simulate scattering from ash particles. The co-simulation 
scheme utilises the statistical models developed in Chapter 2. Validation is carried out 
through dynamic measurements using a purposely built measurement system, housed inside 
an anechoic chamber. There is also a short study on the transmission properties of small fires 
and their effects on both the magnitude and phase of a propagating signal.  
 
Chapter 6 presents a summary and discussion about this dissertation. It will provide 
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1.4 List of Publications 
 
Below is a listing of all peer reviewed publications related to the research carried out in 
this dissertation. The first listing details all the peer review journals and letters published in 
relation to the research area. The second listing details all the peer reviewed conference 
papers. 
1.4.1 Peer-Reviewed Journal Articles 
 
T. Baum, L. Thompson and K. Ghorbani (2014). " The Nature of Fire Ash Particles: 
Microwave Material Properties, Dynamic Behavior and Temperature Correlation 
" Journal of Selected Topics in Applied Earth Observations and Remote Sensing, IEEE 
(Accepted) 
 
T. Baum, L. Thompson and K. Ghorbani (2012). "A Complex Dielectric Mixing Law 
Model for Forest Fire Ash Particulates." Geoscience and Remote Sensing Letters, IEEE 
9(5): 832-835. 
 
T. Baum, L. Thompson and K. Ghorbani  (2011). "Complex Dielectric Measurements of 
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1.4.2 Peer-Reviewed Conference Proceedings 
 
T. Baum, L. Thompson and K. Ghorbani. (2014). A Generalized Permittivity Model for 
Describing Ash Particle With Respect to Exposed Temperature, Asia-Pacific Microwave 
Conference (APMC). Sendai, Japan. (accepted) 
 
T. Baum, L. Thompson and K. Ghorbani. (2014). Reflectivity Modeling of Eucalypt Ash 
Particles With Respect to Moisture Absorption over Microwave and Millimeter Wave, 
European Radar Conference (EuRAD). Rome, Italy. (accepted) 
 
K. Ghorbani, T. Baum and L. Thompson (2012). Properties and Radar Cross-Section of 
Forest Fire Ash Particles at Millimeter Wave, European Radar Conference (EuRAD). 
Amsterdam, the Netherlands 
 
T. Baum, L. Thompson and K. Ghorbani, (2011). Measuring the Complex Dielectric 
Properties of Forest Fire Ash at Various Temperatures. Asia-Pacific Microwave 
Conference (APMC). Melbourne, Australia. 
 
T. Baum, L. Thompson and K. Ghorbani (2011). Measurement of Radar Cross-Section 
and Complex Dielectric Properties of Forest Fire Ash. European Radar Conference 
(EuRAD). Manchester, United-Kingdom. 
 
T. Baum, L. Thompson and Ghorbani, K (2010). Integrated Space Applications in the 
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1.5 Original Contributions 
 
This dissertation investigates the primary scattering characteristics of forest fire ash. A 
summary of the novel and scientific contributions to the existing body of research is listed 
below. 
 
 Statistical distributions of the geometric properties of ash particles have been 
evaluated in detail. This also includes a detailed analysis on the physical changes of 
eucalypt leaf cell structures when exposed to various temperatures.  
 
 An image processing method has been developed and implemented to further analyse 
the exposed temperature distribution of individual fire-generated ash particles.  
 
 The relative complex permittivity and permeability of ash particles at various 
temperatures and over two frequency bands have been investigated and analysed. 
 
 An empirical mixing law model to describe the effects of the relative complex 
permittivity of ash particles with changes in material porosity has been developed. 
 
 A study of the baseline relative complex permittivity and permeability of the 
underlying organic material which constitutes leaf structures has been conducted. 
 
 A novel automated measurement system to analyse the dynamic radar cross-section 
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This chapter examines the scope of literature that details the interactions between radar 
signals and smoke plumes. It will review the extent of existing fire detection technologies and 
proposed sensing devices. It will also review the fundamental principles of electromagnetic 
scattering and their implication in understanding how radar works. Finally, various methods 
for studying the RF material properties of media within smoke plumes will be demonstrated. 
 
2.2 Forest Fire Remote Sensing  
 
Currently, all existing remote sensing technologies for early stage fire detection focus on 
systems which fall under the heading of passive technologies. These technologies look for 
specific signatures of fires, resulting from the release of smoke into the atmosphere and/or 
heat signatures from burning biomass. Like all observational systems, they rely on these 
signatures to be available within the ‘line-of-sight’ before a fire assessment can be confirmed. 
These implemented technologies are generally found on ground platforms and incorporate 
passive sensors such as optical systems operating in high dynamic range grey scale and/or 
colour, infrared (IR) [12-17] and at the other side of the scale, small wireless sensor networks 
using optical, IR, thermal and/or smoke detection sensors [18-22]. In development are 
passive microwave detection technologies which use thermal noise detection [23-25]. Also 
falling under this heading are the geo-spatial platforms which have been extensively used to 
assess fire damage and hot-spot detection.  
The most utilised sensors for fire detection, monitoring and fire weather include the 
NOAA Advanced Very High Resolution Radiometer (AVHRR) [26-28], Geostationary 
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Operational Environmental Satellite (GOES) and  Moderate-resolution Imaging Spectro-
radiometer (MODIS) [29]. Recent advances in IR processing algorithms have also seen more 
focus placed on IR sensors such as the German aerospace’s (DLR) Bi-Spectral Infrared 
Detection (BIRD) and the recently launched TET-1 satellite [30-32]. These satellites are 
experimental test platforms for developing advanced digital signal processing algorithms. In 
most cases, the geo-spatial systems currently available do not possess the capability for real-
time continuous surveillance. Those that do are generally within geostationary orbit and have 
poor spatial resolution. High resolution, low-earth orbiting satellites which can observe the 
southern hemisphere in near real-time are still in development and are decades away from 
becoming a reality. 
Moving towards active sensing technologies, a number of benefits not currently available 
with traditional fire detection technologies can be obtained. The most important of which is 
the ability to volumetrically analyse fires. Whether this is achieved using ground, aerial or 
space platforms with sensors utilising different spectral bands is still widely open for 
discussion [33]. Active technologies which have been suggested for fire detection including; 
Light Detection and Ranging (LIDAR) [34-39], Sonic Detection and Ranging (SONDAR) [40] 
and Radio detection and ranging (Radar) [41]. A hybrid sensing technology between active 
and passive sensing is Synthetic Aperture Radar (SAR). This technology uses active 
microwave electromagnetic radiation to image structures. SAR has been implemented for 
post fire monitoring in satellites such as European Remote-Sensing satellite (ERS), 
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2.3 Radars Observing Fire 
 
Radar’s ability to observe scattering from smoke plumes has been well established since 
the birth of radar itself. The first reported observation of scatters originating directly from a 
known smoke plume dates back to Jones in 1949 [42]. Since this time, there has been a 
multitude of publications focussing on the use of radar for observing and understanding fires. 
This breadth of literature can be divided into three categories which explore the use of radar 
for the remote sensing of fires, understanding scattering mechanisms and using radar for fire 
detection.  
Remote sensing of fire using radar has primarily focused on aiding research into fire 
behaviour and the interactions between fire and the atmosphere [34, 38, 43-46]. Traditionally, 
existing weather radar systems have been the primary radar based tool for observations of 
fires, however; other active sensing systems such as lidar and sondar have also been 
investigated [34-36, 38-40, 47]. Due to the active sensing component of radar, it is able to 
provide invaluable data on how the convection column develops over time. This allows for 
observations of smoke columns upwards of 1.8 km in altitude and distances upwards of 100 
km from the radar’s position [34, 38, 39, 41-46, 48-50]. Here, the maximum altitude is 
limited by the injection height of the plume and not the performance of the radar. Coupled 
with this is the ability to measure Doppler shifts, providing localised wind speeds and 
information about the development of large rotation vortices such as horizontal roll vortices 
(HRV) and transverse roll vortices (TRV) [51-53]. Recently, radar has also been investigated 
as a tool for monitoring air quality surrounding large fires [44]. The introduction of 
polarimetric weather radars has also illustrated clear and distinct differences between smoke 
plumes and clouds [34, 38, 41, 45, 46, 54, 55]. These differences are now being investigated 
as a possible means for using existing weather radar systems to sense the presence of fire 
activity [41, 44, 46, 55].  
The application of radar for remote sensing of fires is underutilised when compared to 
traditional optical and infrared sensors [38, 44]. Possible disadvantages of using radar for fire 
sensing applications centre on its spatial resolution and limited availability [34, 38, 44-46, 
50]. Ideally positioned to limit the influences of ground clutter, weather radar has difficulties 
in sensing scattering at low grazing angles. Depending on the topology of the terrain within 
the maximum detectable range, these systems are limited to sensing large fires typically 
ranging upwards of tens to possibly hundreds of acres in size [34, 43, 46]. The use of low 
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power, low cost, modulated wide-band radars may provide an alternative system design to 
improving the spatial resolution. These types of radar are now preferred for remote sensing 
applications over pulsed radar, due to the availability and economical costs of high power, 
high performance Gallium Arsenide (GaAs) and Gallium Nitride (GaN) MMIC’s [56-62]. 
Understanding scattering mechanisms is an important step in connecting radar reflectivity 
to the dynamics of a medium. This is commonly known as the inverse scattering problem and 
forms the basis for many remote sensing applications. The implementation of the inverse 
scattering problem for radar has many real-world applications and has already been applied to 
weather radar. Extensive research has been carried out to characterise the reflectivity of 
weather events [63]. Today we rely on weather radar data for prediction and characterisation 
of the types of liquid/solid mediums to precipitate from clouds such as rain, hail, snow and 
drizzle [63]. This also includes a quantitative analysis of the amount of liquid/solid mediums 
present within clouds.  
The fundamental scattering characteristics of forest fire smoke plumes are still widely 
debated, namely surrounding the actual sources of the scatter present within the plume. Radar 
reflectivity from fire plumes has been associated with ash particle scatter [34, 38, 44, 45, 48, 
54, 55, 64-67], condensed water nuclei on smoke particles [38, 68, 69], precipitation [70], 
clear-air/Bragg scatter [38, 44, 45, 54, 55, 64-66, 71] and weakly ionised alkali salts [72-74]. 
As little is still known about scattering sources originating within plumes, this list may only 
be a simplified representation of what is an extremely complex natural phenomenon. The use 
of co and cross-polarisation measurements of plumes (also known as polarimetric 
measurements) has identified larger ash particles as one of the main candidates for the 
scattering [34, 38, 43, 54, 55, 64, 66]. However, measurements taken from fires using a 
number of different frequency bands have indicated interactions between clear-air/Bragg 
scatter, incoherent particle scatter and coherent particle scatter [64, 66]. The cohesion 
between these studies has also limited the ability to correlate data on these different scattering 
sources. This has been limited by the small number of published studies investigating the 
fundamental scattering sources. Furthermore, little is known about the relative complex 
permittivity and permeability of larger ash particles [34, 38, 43, 54, 55, 64, 67]. Typically, the 
relative complex permittivity of volcanic ash has been assumed to be a good comparison. 
However, this assumption is purely based upon the availability of measured data used to 
understand the refractive index of volcanic ash plumes. Changes in the relative complex 
permittivity of fire ash due to variations in their exposed temperature are currently 
unidentified. 
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Research into the geometric properties of large forest fire ash particles is also poorly 
documented. Of those studies, half have examined ash particles taken from man-made fuel 
sources such as apartment fires, industrial fires, rubbish dumps or wood storage fires [42, 45, 
48, 64-66]. For those particles derived from organic biomass within natural forest fires, little 
is known about the shape of these larger particles with respect to their radar cross-sections or 
how their physical structures vary between different plant and tree species. Also, the 
concentration of these particles must be known to determine the scattering perceived by 
volumetric radar measurements [34, 43, 67, 75, 76].  
Measurements taken from polarimetric radar have indicated needle-like structures based 
on the depolarisation ratio between orthogonally polarised waves [34, 38, 44, 45, 54, 55, 64-
66]. However, it is not known if these measurements are an indication of particle geometry or 
a consequence of the particles’ dynamic behaviour inside a plume [43, 77]. There has also 
been some indication of coherent particle scatter [64-66]. This arises from a half-wave 
resonance between neighbouring particles, resulting in constructive interference. This 
illustrates that the particles’ dynamic behaviour may be playing an important role in 
producing detectable scatter. Early reports of radar observing fires found contrary views to 
what role particles play in the scattering mechanism. It was shown by Reid and Vines that 
particle scatter cannot exist due to the lack of concentration of larger particles within a plume 
[43]. However, the exact concentration of larger particles was not known at that time [43].  
It has also been shown that ash can act as a collecting point for condensing water vapour 
arising from the large amounts of moisture present within biomass [68, 69, 76, 78]. What 
effects this has on the relative complex permittivity of the particles is yet unknown, which 
presents as an obstacle when considering the uptake rate of moisture within larger ash 
particles. This uptake of moisture may also vary based on a particle’s altitude, temperature, 
pressure and relative humidity of the surrounding atmosphere [68, 69, 78].  
At higher altitudes the large amount of moisture held within the biomass can also form 
pyro-cumulonimbus clouds [50, 79]. These clouds can create rain precipitation due to the 
condensing water vapour held within them. This condensed water can then fall back towards 
the ground as rain precipitation or remain in the upper atmosphere and cause scattering 
towards electromagnetic waves. Pyro-cumulonimbus clouds may also be sources of lightning, 
hail and extreme winds [50, 79]. 
High wind speeds introduce another reflective phenomenon known as clear air/Bragg 
scattering. This type of scatter may be present within smoke plumes due to the large changes 
in the atmospheric refractive index caused by driving thermal dynamic forces created by fires 
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[34, 43, 54, 55, 64-66]. The effects may be more prevalent on the perimeter of a plume where 
wind shear can occur due to Kelvin–Helmholtz instability. This instability is created due to 
the two fluid mediums possessing varying density and velocity. Clear air scatter has been 
well established for use in studying turbulent phenomena (such as those presented within fire 
plumes) within the atmosphere [80-82]. 
Finally, scattering arising from the plasma phase surrounding the flaming region of fires 
may also be present [73, 74, 83]. This plasma state is a result of the low energy required to 
ionize alkali salts present within biomass [84-92]. These mainly include magnesium, 
potassium and sodium salts making upwards of 10% by weight in some species. This 
however, varies considerably for plant species. For eucalyptus plants, this figure is in the 
order of 1% for sodium and potassium [90]. The availability of free electrons within the 
weakly ionised plasma determines the plasma frequency, which in turn interacts with an 
electromagnetic wave. At low frequencies, the plasma phase reflects electromagnetic 
radiation. At higher frequencies this is reversed and an electromagnetic wave experiences a 
relative complex permittivity of less than unity with a high attenuation constant [74]. Free 
electron count has been measured upwards of 1.47 x 1016 Ne/m3 for eucalyptus biomass burn 
at approximately 800 K (527 °C) [93]. Attenuation due to the plasma phase at microwave 
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2.4 Australian Examples of Radar Observation of Forest 
Fires 
 
The Australian Bureau of Meteorology operates a number of weather radars around the 
country. Observations of fire plumes are readily found on their weather radar scans and 
examples of these will be presented within this dissertation. The Black Saturday fires 
occurred in the state of Victoria on the February 7, 2009 and were the most devastating in the 
nation’s recorded history [1, 94]. The fires were the outcome of a sustained period of drought 
within the country, where below average rainfall had been recorded for more than twelve 
years. This was compounded by negligible precipitation in the previous two months leading 
up to the catastrophe [1, 94]. Weather conditions were extreme, with the daily temperatures 
reaching upwards of 45 °C in some locations and wind gusts upwards of 33 m/s. The relative 
humidity at the time of ignition was at approximately 15%, dropping to 10% and staying 
there for approximately 6 hrs. All of these weather conditions came together to produce 
rapidly moving, large-scale fires with devastating outcomes. The drought conditions were 
also very similar to Victoria’s second-most devastating fires, namely the 1983 Ash 
Wednesday fires. Here, below average rainfall was seen for some 10 months prior to the fires, 
with temperatures upwards of 40 °C, high wind conditions and a relative humidity of 
approximately 15%.  
The well-documented progression of the Black Saturday fires makes it an ideal case study 
for observing the performance of existing weather radars. On February 7, 2009, the 
Australian Bureau of Meteorology had a total of four weather radar stations in observable 
range and in operation around the ignition time of the two main fires at Kilmore East and 
Murrindindi [1]. Three of the four observing radars were operating within C-Band (6GHz), 
with the exception of the Melbourne Laverton radar station. The Melbourne radar station 
houses a state-of-the-art Selex-Gematronik M1500-S1 S-Band radar (2.7-2.9GHz) with 
Doppler wind capability. A set of radar time sequences taken from the Melbourne radar and 
published by the Bureau of Meteorology is illustrated in Fig.  1 
The equivalent time sequence for the Doppler wind measurements taken from the same 
radar station is illustrated in Fig.  2. Both time sequences show the clear development of a 
number of smoke columns over time. The plume column developing at the top of the radar 
scans is that of the Kilmore East fire, while the lower column is that most likely originating 
from the Bunyip fire. The extent of what is causing the scatter in both fires is unknown, 
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however; there were significant formations of pyro-cumulonimbus clouds above the main 
plume. These pyro-cumulonimbus clouds can be observed from images taken from NASA’s 
MODIS sensor on board their AQUA satellite (see Fig.  3 ). Excellent correlation is displayed 
between the satellite imagery and radar scans [44, 72]. The composite satellite image/radar 
scan presented in Fig.  3 further illustrates this correlation. This radar scan was taken using 
the Melbourne Airport radar, as the main radar station in Melbourne Laverton was offline 
during the time the AQUA satellite passed over. As shown, the Melbourne Airport radar has 
considerably good correlations in mapping the extent of the smoke columns from the Kilmore 
East, Murrindindi and Bunyip fires. The Churchill complex fire becomes just visible to the 
radar while the Dargo fire falls outside the detectable range. 
With consideration to the scans taken from the main radar station at Melbourne Laverton, 
Looking at those scans from the main radar station in Melbourne Laverton, (see Fig.  1), 
further data presented by Cruz et. al. illustrates a vertical cut through the plume showing 
significant scatter at lower altitudes [94]. This suggests that the scattering observed was not 
solely originating from the formation of pyro-cumulonimbus clouds, but also other mediums 
inside the plume. Examining the Doppler wind scans presented in Fig.  2 for the Kilmore East 
fire, there is little visible indication of fire activity during the first few hours after its ignition. 
The Doppler signature from the Bunyip fire is however more clearly defined. This is due to 
its radial position from the radar station, giving the downwind plume a large detectable 
velocity component. 
Using the radar scans published from all four stations in operation on Black Saturday, a 
relationship between range, time to first reflection and the relative location of reflectivity 
from the ignition point of the Kilmore East fire was assessed. This data is presented in Table 
1. The Melbourne Laverton station detected the plume some nineteen minutes after the first 
call to emergency services [1]. The Melbourne Airport radar was closer in distance to the 
Kilmore East fire, however; its resolution was not as clear as the M1500-S1 radar at 
Laverton. With the exception of the Melbourne Laverton station, all three remaining radars 
operating in C-Band detected reflectivity from the plume in consecutive order, based on their 
range. The extreme case illustrated by the Bairnsdale radar, detected the plume column more 
than three hours after the fires began.  
 Fig.  1 – 
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approximately 115 metres in altitude. The Melbourne radar has almost direct line of sight to 
the township, with slight inclination in the terrain towards the coast end. Hotham Heights and 
Lake Thomson are located within the Alpine regions of Victoria. Both their terrains are 
extremely complex, with mountain ranges upwards of 1800 m. Ground clutter in these 
regions is significantly high and thus detection of fire activity via existing weather radars is 
also more challenging.  
Despite being a controlled burn, the Anglesea basin fire eventually broke containment 
lines near the Alcoa Power Station northwest of the township. An image from AQUA’s 
MODIS sensor captured on March 28th 2009 shows the clear progression of the main plume 
column in an easterly direction (see Fig.  4). A composite satellite image/radar scan for the 
same local time as the MODIS image is also illustrated in Fig.  4. As shown, the resultant 
reflection from the smoke column is distinctive of that originating from a plume. It is known 
from images taken by MODIS that no pyro-cumulonimbus cloud formations were present on 
this day. The same can be said for an image taken by the author at Urquhart’s Bluff, on the 
outskirts of Anglesea which was captured on the same day (illustrated in Fig.  5).  
The equivalent reflectivity of the plume is similar to that produced from light to moderate 
rainfall, demonstrating that the medium making up smoke plumes are highly reflective. The 
fire was situated some seventy kilometres from the radar station in a valley ranging from 
twenty to ninety metres in altitude. Within the radar’s line of sight, the terrain is considerably 
flat, ranging from twenty to one hundred and fifteen metres in altitude. The vegetation within 
this region is low density, scrubby bushlands, with significant ground cover including austral 
bracken fern (pteridium esculentum) and prickly tea-tree (leptospermum continentale) [73]. 
The area is also home to a large population of various eucalypt species, thus substantially 
contributing to the ground litter consumed during the basin fire. As the reflectivity of the 
plume is highly concentrated at its source, it is plausible that the main source of scatter is that 
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The formation of pyro-cumulonimbus clouds was seen only in the Hotham Heights fire as 
illustrated by the MODIS image. The extent of radar reflectivity from both fires is illustrated 
in Fig.  6. Again, the image represents a composite satellite image/radar scan, however; the 
reflectivity from the Hotham Heights fire is that originating from the Yarrawonga radar 
station, while the reflectivity from the Lake Thomson fire is that from the Melbourne 
Laverton radar station. This was because the Hotham Heights fire was not visible by the 
Melbourne Laverton radar and vice-versa. The Lake Thomson fire was situated some 150 km 
from the Laverton radar station at an altitude ranging from 550 m to 1050 m. Its reflectivity is 
that equivalent to very light rainfall.  
The Hotham Heights fire burnt in terrain ranging from approximately 130 m to 1850 m in 
altitude. Again, the reflectivity of the Hotham Heights fire was equivalent to that of very light 
rainfall. Due to the significantly complex terrain, it is likely that the Yarrawonga radar was 
detecting the formation of the pyro-cumulonimbus cloud above the mountain range. The 
location of the scatter from the radar scan and the formation of the pyro-cumulonimbus cloud 
support this notion. In the case of Lake Thomson, particle scatter may be the primary cause of 
the reflectivity detected by the radar. This is illustrated by the dark coloured region of the 
plume as shown by the arrow within the AQUA image of Fig.  6. This darker region may also 
be the result of different types of vegetation or possibly water content inside the biomass. 
Regardless of the scattering sources, it is clear that both fires are significantly harder to 
identify using radar when compared to those of Black Saturday and the Anglesea basin.  
Due to the unavailability of polarimetric data from these radars, analysis in the difference 
between co-polarisation, cross-polarisation and in the differential phase cannot be 
undertaken. It is clear that existing weather radars in Australia possess the capability to detect 
smoke plumes in a qualitative means, and indeed support those observations made by 
literature. These observations further indicate that typical smoke plumes fuelled by native 
biomass within Australia are highly reflective within the microwave region of the 
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2.5 Research Questions and Methodology 
 
2.5.1 Research Questions 
 
Large ash particles, which are the remaining solid constituents of cell structures from 
biomass, are noted within published literature as one of the primary causes of scatter created 
from smoke plumes. This assumption has arisen from observations of the linear 
depolarisation ratio (LDR) and other scattering coefficients made of polarimetric and circular 
polarised radar measurements [34, 38, 44, 45, 54, 55, 64-66].  
If ash particles are a major contributor to the overall scatter of smoke plumes, there are a 
number of research questions that arise involving the current body of knowledge. These 
questions must be answered in order to adequately understand the fundamental scattering 
characteristics. This will in turn both validate and improve inverse scattering models to 
quantify and analyse radar data of smoke plumes in a more coherent manner. 
 
The research questions to be investigated in this dissertation include:- 
 
 Important to the scattering of dispersed mediums such as ash particles, is the analysis 
of their geometric properties and concentration. How do these changes with fire 
conditions and various tree and plant species?   
 
 Based on the current knowledge of ash particles inside smoke plumes, little is known 
about their RF material properties [34, 38, 44, 45, 54, 55, 64-66]. Does the relative 
complex permittivity change with different plant and tree species commonly found 
within bush and forested areas? If so, how? 
 
 In reference to the existing body of knowledge of radar observations made of smoke 
plumes; none have analysed the scattering effects of vegetation found within the 
Australasia continent [43, 49]. 
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 Due to the complexity of fires, a number of other effects must be considered in 
relation to the physical properties of ash particulates. How do the RF material 
properties change with fire temperature and moisture content? As larger ash particles 
are suspected to contribute significantly to the overall scatter, do different exposure 
temperatures have any effect on the shape and size of ash particles?  
 
 The RF material properties and shape of the particles play an important role in 
determining the intensity of a reflected field. In observations made by polarimetric 
and circular polarised radar, measurements of polarimetric coefficients have shown 
that the particles are orientated horizontally and are mostly needle-like in shape [34, 
38, 44, 45, 54, 55, 64-66]. Is this observation isolated to the type of biomass being 
burnt or is it typical of the dynamic behaviour of ash particles, regardless of their 
shape? 
 
 The behaviour of the particles has also shown to comply with coherent particle scatter 
which must also be investigated [64-66]. This may have significant consequences 
when analysing wideband, high frequency systems. On the fundamental level is 













































































































 wave. So w
the scattere




































































ally in Fig. 
tions of the v




ue to the c
ed electrom
e Review 
 to the 
iculates 
outlined 
n of a 
ent on a 
at of the 


























































































 a study of 
. 
e two sub-













stics of solid a
o provide a
metric’, ‘d





























































































es of ash. F



























































































































































 of ash, 
rmation 
e 
Chapter2 - Literature Review 
32 
 
is necessary to define mixing law models, which may then be used to analyse and simulate 
the scattering characteristics of multiple ash particulates. Again the effects of exposed 




This chapter has outlined the literature relating to the evaluation of radar for remote 
sensing of fires. It has examined where radar currently fits in the scope of fire sensing 
technologies, whilst undertaking an in-depth analysis of literature relating to observation of 
smoke plumes. Available radar data for three different fires within Victoria, Australia have 
been analysed with relation to satellite imaging. All cases have illustrated good correlation 
for defining the location of fire activity and the size of a smoke plume. It has also been shown 
that radar detects scattering from plumes in the absence of pyro-cumulonimbus clouds and 
lack of precipitation. This has demonstrated that constituent mediums inside plumes can 
create sufficient scatter. Identifying particulate scatter as one of the many possible scattering 
sources, a breakdown of the research methodology was outlined. The geometric and dynamic 
properties of the ash will now be presented in Chapter 3 
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The RF scattering effects of fires, in particular those that are created from smoke plumes 
are extremely complex. The scattering ability of a volumetric target such as ash is determined 
by the total reflectivity of all particles within a finite volume of space. To better understand 
these scattering effects and to begin to answer some of the proposed research questions, this 
chapter will address the base material properties of ash. It will focus primarily on the 
geometric, dynamic and physical material properties that may have a direct effect on 
scattering characteristics. The knowledge gained within this chapter will provide a 
fundamental basis for understanding how ash acts as a physical material. From this 
foundation, the ensuing chapters will take a more in-depth look at RF material properties and 
the reflectivity (η) of ash over a wide range of frequencies.  
A number of tree and plant species have been selected for analysis, with particular 
emphasis on what effects exposed temperature has on biomass structure, elemental 
composition, porosity, mass and volume. Furthermore, the dynamic behaviour of ash 
particles as they ascend into the atmosphere and then descend back towards the ground will 
also be analysed within this chapter.  
In total, eight different tree and plant species have been analysed to varying degrees. Six 
of those species are native to Australasia, including three eucalypt species: the acacia, 
casuarina and pteridium. Due to their dense population within the Australian continent, the 
focus of this dissertation will fall largely on the messmate eucalypt (eucalyptus genus) 
Second to this is the blackwood wattle (acacia genus) which will also be explored. The 
remaining species include popular pinus and cupressus, used for soft wood plantations and 
wind breaks respectively. Various properties of these species will be used to compare the 
geometric, dynamic, physical and electromagnetic properties that differ significantly from the 
two primary species. A brief introduction to these genera will be given in the following 
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sections and information regarding the remaining species selected for reference only is 
outlined in Appendix B. 
 
3.2 Tree/Plant Species Samples 
 
An outline of the chosen plant and tree species to be sampled for their ash will be 
presented within this section. A visual record has also been made and used to predict the 
species of the various flora genera selected. It should be noted that without DNA testing, the 
exact sub-species type cannot be accurately determined.  
Australia has a number of unique plant and tree species which are immensely diverse in 
their shape, size and natural ecosystem. The coastal areas of Australia, stretching along the 
east, south-east, and south-west coast are predominantly covered by forested areas. Moving 
inland towards central Australia, the landscape begins to change from woodlands to 
scrublands. The density of the vegetation around the country is closely linked to the amount 
of annual rainfall [98]. Areas of higher average rainfall provide more bush-like vegetation, 
while those of lower rainfall show more shrub-like vegetation. Also, large areas of grassland 
are also present amongst these regions, both naturally occurring and as a result of clearing for 
agricultural purposes. 
Both bushfires and grass fires are of particular importance when it comes to actively 
monitoring fire threats. Both have very different behaviours which are a combination of their 
effective fuel density, potential energy stored within the fuel and susceptibility to drying. 
Grass fires for example, are known to spread extremely quickly and have been reported to 
move upwards of speeds greater than 40 m/min [99-102]. Bushfires on the other hand, are 
more complex. These types of fires generally have multi phases, including transitions 
between undergrowth to crowning fires. Depending on the severity, they also frequently 
cause spot fires significant distances from the main fire front. They are also harder to control 
due to the inaccessibility of forested areas [103, 104]. Remote sensing of bushfires is of 
particular importance within Australia for these reasons. Highly populated areas also exist 
within these forested areas and are of concern when it comes to protecting lives. The Black 
Saturday fires are just one example of the devastation that bushfires can cause within these 
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3.3 Origins of Ash 
 
During the combustion phase of organic plant and tree materials, various solid and gaseous 
phases are produced. These phases vary immensely in composition, with many of the 
compounds produced during the decomposition of the biomass rendered toxic to both animals 
and humans [76, 110-114]. Within the solid phase, three distinct particle distributions are 
found. These include prominent nucleation (particles <1 μm), accumulation (particles 
between 1 μm and 2 μm) and coarse particle (particles >2 μm in effective diameter) [76]. 
Within the prominent nucleation and accumulation lies what is generally termed smoke 
particles. These are typically spheroidal in shape and from a scattering perspective, are too 
small in known concentration to be a significant player in the overall scatter detectable by 
smoke plumes [68, 69, 76, 115] .  
Conversely, ash particles that fall within the coarse distribution category have unique 
geometric properties determined on the macroscopic level by the remnant cell structures of 
the originating biomass. These can be of sufficient size to create detectable scatter, however; 
this is completely dependent on their electromagnetic characteristics. 
This section will explore the various methods and techniques for preparing and analysing 
fire ash. The ash samples have been analysed from two different sources, including ash 
created from small open fire tests and a designed linear burn chamber. Due to the unsafe 
nature of open fire tests, validation of the linear burn chamber performance with respect to 
creating statistically correct ash particles has been undertaken.  
 
3.3.1 Properties of fires  
 
The preparation of samples used to determine the geometric properties of ash as well as 
the relative complex permittivity and permeability requires some careful consideration. 
Indeed, samples required to determine geometric properties vary from those required to 
measure RF material properties. In both cases, controlled and uncontrolled specimens are 
required to gather a full understanding of the fundamental material properties.  
Under the geometry heading of the proposed research map required for analysing the 
scattering properties of ash (illustrated in Fig.  9), the investigation of a particle’s surface 
area, thickness/radius, aspect ratio and shape must be carried out. As these properties 
represent actual physical properties of ash created from a fire, they can only be determined by 
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analysing uncontrolled samples. Due to the impracticalities of creating large fires specifically 
for the purpose of collecting ash, more practical methods need to be established.  
The first step in analysing the origins of ash is to investigate how it is fundamentally 
created. This in turn provides a means for analysing and comparing safer alternatives to 
large-scale open fire tests. Furthermore, investigating how biomass burns under different fire 
conditions and the resultant ash provides invaluable information on the types of particles that 
are ejected into the atmosphere during a fire. In light of these considerations, three open fire 
experiments were planned. The experiments were designed to have almost identical burn 
conditions. Two physical parameters, which help to define the intensity of a fire, relate to 
what is termed the fuel loading factor (Fl) and the degree of cure (DoC). The fuel loading 
factor relates to the amount of biomass present per unit area. For the purpose of analysing the 
effects of the fuel loading factor on the properties of a fire, the biomass can simply be 
weighed and placed evenly within a specified area. The degree of curing relates to the amount 
of moisture present within the biomass. As water requires a significant amount of energy to 
change its physical state (i.e. liquid to gas), a lower degree of curing results in a more 
efficient burning of the biomass. The degree of curing can be determined using two methods: 
the first and most common approach is to weigh biomass samples before and after 
dehydrating them inside an oven at low temperatures. The difference in weight gives the 
degree of cure for the biomass. The second method involves placing the biomass samples 
inside a vacuum chamber at low pressure. The vacuum chamber allows for the water content 
to boil off and thus be removed. The vacuum chamber was found to provide exceptional 
results over the oven dehydration method however it can only be used on existing dried 
biomass samples. Both the fuel loading factor and degree of curing are defined using Eqn. ( 1 
) and Eqn. ( 2 ). 
 
ܨ௟ ൌ ݉௪ܣ 	൬
݇݃
݉ଶ൰ 
( 1 ) 
ܦ݋ܥ ൌ ൭1 െ ൬݉௪ െ݉ௗ݉ௗ ൰൱	ሺ%ሻ 
( 2 ) 
Where mw is the mass of the ‘wet’ biomass to be burnt, md is the dry mass of the biomass 
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steel or similar alloy, has a less than unity emissivity (ε = 0.9-0.95). This causes the 
thermocouples to reflect some of the thermal radiation. For this reason, the measured 
temperatures from the data logger must be corrected to obtain correct flame temperature 
readings. Using multiple thermocouples also helps to improve the correction of the 
temperature measurements. The correction procedure used for the thermocouples is further 
outlined in [117, 118].  
The biomass was spread evenly over an approximate area of 500 mm x 500 mm (length x 
width). The properties of the three open fires have been outlined in Table 2. Both the mass of 
the eucalypt biomass being burnt and the remaining ash were measured. The difference in 
mass between the two measurements was then used to calculate a quantitative representation 
of the total mass of both the solid and gas phases released into the atmosphere. Ambient 
atmospheric temperature and relative humidity remained consistent for all tests, while the 
recorded average wind velocity was less than one metre per second (m/s). This was the lower 
limit for the anemometer used to measure the wind speed. Visual records of the wind speed 
were made by observing the velocity of the smoke column. Here, it was estimated that the 
wind velocity was within the approximate range of 0.4-0.6 m/s. Maximum wind gusts were 
measured to be between 1.1 m/s and 1.5 m/s. 
 
Table 2: Open fire test parameters 


















Eucalyptus 0.25 0.075 70 ~6 1 22 35 >1 1.2 
Eucalyptus 0.5 0.123 75.4 ~6 2 21.1 34 >1 1.5 
Eucalyptus 0.75 0.165 78 ~6 3 20.9 34 >1 1.1 
 
The resultant corrected temperature plots for the three fires at different fuel loads are 
illustrated in Fig.  15, Fig.  16 and Fig.  17 respectively. The channel colours represents one 
of the four thermocouple reading outlined in Fig.  14. The second peak displayed in Fig.  18 
was the result of fire re-ignition/flare-up. 
It is clearly demonstrated by these temperature plots that an increase in the fuel loading 
factor results in an increase in the peak flame temperature. This is a direct result of the 
increase in available fuel, which translates to the amount of energy available per unit area. To 
analyse any possible correlation or disassociation between these two parameters (flame 
temperature and material properties), a quantitative visual analysis of the remaining ash 
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The final arrangement was lifted using support posts and tilted to help collect more of the 
flying ash. Once again, the fire contained eucalypt ground litter with a fuel loading factor of 
Fl = 14. The increase was required to generate a sufficiently large thermal updraft to carry the 
flying ash away from the fire. An illustration of the initial fire tests can be observed in Fig.  
22. The ejection of embers and particles into the air can be observed in Fig.  22 c) and Fig.  
22 d). The small particles were carried up by the thermal draft created by the fire and away 
by any slight breeze, where they then fell out along the direction of the wind.  
The remaining ash not ejected into the atmosphere is illustrated in Fig.  22 f). A similarity 
between the collected flying ash and the ash remaining at the fire source can also be seen. 
This demonstrates that the burnt biomass within fires provide a potential pool of scattering 
sources. These sources are only released into the atmosphere under the correct 
thermodynamic conditions. Here, this is related to the particles mass and the force of the 
thermal updraft. 
Examples of the ash captured on the collection frame are illustrated in Fig.  23. Due to the 
broad leaf structure of the eucalypt leaves, the resultant ash demonstrates a particularly high 
probability of plate-like structures. Finally, examples of larger ash particles (> 25 mm2) 
carried outside of the collection area are illustrated in Fig.  24. The size, shape and even 
colour are similar to the bulk of the high temperature ash remaining at the fire source. The 
inconsistency of the ash material is again highlighted in Fig.  24 with some of the particles 
showing evidence of dark, carbonaceous regions. To analyse the ash on a more quantitative 
level statistical probability distribution functions (PDF’s) can be measured about each of 
their different geometric properties. To achieve this for large populations of particles image 


















le of how the
P












































Fig.  22 –
Heap size
being eje
 Small open f
 relative to 3
cted from fire
ire test with p











  b) 
 
  d)      
 
  f) 
re frame. a) h
g with particl






      
eaped eucalyp
e on collectio
) example of 
c and Dynam
tus biomass 




in centre of fr
ustration of e
 ash. 





    
 
   
 
   
 




 of the variab










     
     









 the frame of
 
c and Dynam
 the open fire 
ic Properti
tests. Particl













     
 
     
 
     












 of the open f




ire tests.   
Chapter 3 – Geometric and Dynamic Properties of Ash 
52 
 
3.4 Image Processing Results for Open Fire Tests 
 
Using the ash which landed onto the collection frame of the open fire tests described in 
section 3.3, image processing (see Appendix C) can be employed to generate statistical 
distribution functions about the particles. Due to the plate-like structure of the eucalyptus ash, 
the projected area and aspect ratio give a good indication of the expected particle geometry. 
The last requirement, being the thickness/radius of the particles will need to be measured and 
will be presented under section 3.6.2 of this chapter in more detail.  
Due to the fragile nature of ash particles, images were taken using a Digital Single-Lens 
Reflex (DSLR) camera. The results from the image processing method for the estimation of 
the surface area and aspect ratio of the open fire particles are illustrated in Fig.  25 and Fig.  
26 respectively.  
The aspect ratio is measured by fitting an ellipse to each ash particle. Here, the major and 
minor axis of the ellipse are calculated and the aspect ratio determined by Eqn. ( 3 ). 
 
ܣܴ ൌ ݉݅݊݋ݎ	ܽݔ݅ݏ	݈݁݊݃ݐ݄݆݉ܽ݋ݎ	ܽݔ݅ݏ	݈݁݊݃ݐ݄ 
( 3 ) 
The surface area of the particles shows illustrated in Fig.  25 a clear exponential 
distribution, increasing towards particles of smaller surface area. The distribution is fitted 
with a generalised pareto (GP) PDF, representing the exponential increase towards these 
smaller particles. This type of distribution is reasonable as the number of smaller ash and 
smoke particles will understandably be greater in frequency than those of larger size. The 
coefficients that describe the log-logistic distribution are expressed in Fig.  25. 
The aspect ratio shows a slightly different story, with the majority of particles having a 
slightly asymmetrical ratio. This feature is important when examining the types of scatter 
these particles may produce. Asymmetric properties may have an effect on the polarizability 
of a scattered electric field and thus the effects require further investigation. Similarly, the 
distribution is fitted with a PDF. Here a generalised extreme value (GEV) distribution has 
been fitted due to the asymmetry of the particles’ aspect ratio. The corresponding coefficients 
for the GEV distribution are illustrated in Fig.  26. Full descriptions of the PDF functions 
used within this dissertation are found within Appendix A. 
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3.5 Alternative Methods for Creating Ash  
 
To replicate an open fire in a contained environment, a number of methods were 
investigated. The first and simplest technique for preparing ash is placing biomass inside a 
heated oven. This method has high temperature accuracy, however; the resultant ash has very 
little variability and resemblance to ash particles created in natural fires. Recent 
advancements made in fire research by the CSIRO has resulted in the development of the 
CSIRO Pyrotron [119]. The pyrotron is a 26.5m long wind tunnel with a 2 m x 2 m x 4.8 m 
burn volume. The wind tunnel is specifically designed to study fire under controlled 
environmental conditions.  
The ability to control atmospheric conditions, specifically wind speeds is a favourable 
quality. Coupled with this is the ability to sample biomass with variable curing factors and 
fuel loading factors. This allows for the study and control over the intensity of a fire and thus 
its flame temperature. The large size of a pyrotron style wind tunnel for the purpose of 
creating ash for determining their scattering characteristics is not required. This is because the 
study of ash particles and their electromagnetic properties only need to represent the possible 
solid matter released within a smoke plume. Fire behaviour such a spread rate for example 
can be neglected as it is has little bearing on the possible particle scatter once they have been 
released into the atmosphere. Furthermore, the conditions in which ash particles are created 
are extremely difficult to quantify. Difficulties arise from uncertainties in the combustion 
process undertaken by an individual particle as it travels from its originating biomass into the 
atmosphere. This means that the effective exposed temperature of particles may not be 
entirely dependent on traditionally measured quantities of fires such as flame temperature, 
temperature profiles and/or total energy release. This is further evident through observations 
made of the ash colour, as illustrated in the open fire tests (see Fig.  23 and Fig.  24). Here, 
the ash particles vary immensely in colour, fluctuating between different shades of grey. The 
darker or blacker regions of a particle suggest incomplete combustion of volatiles from the 
biomass. However, the same fire can also produce light grey particles with little variation in 
colour.  
Using similar principles to those outlined for the CSIRO pyrotron, a linear burn chamber 
was designed and built for generating ash. As the purpose of this chamber is to generate ash 
particles and not to study fire behaviour, the chamber can be significantly shortened. The 
chamber design was based around three 120 mm fans which were driven via a variable speed 
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control. The biomass is heaped within the chamber and can be ignited externally via a high 
temperature propane flame. The chamber incorporates PC data logged thermocouples to 
measure flame temperature. Finally, the flying ash is collected with a series of mesh screens 
located at the exit of the chamber. The mesh consists of a 1mm x 1mm metal weave. Ash that 
is small enough to pass through the mesh screens is then collected on an aluminium plate. An 
outline of the chamber is illustrated in Fig.  27. 
The characterisation of the axial velocity within the chamber section was carried out using 
an anemometer. The axial velocity was measured at one hundred locations within the 
chamber. The velocity is only representative of the velocity along the axial direction. The 
anemometer does not measure velocity in other directions and so does not take into 
consideration effects such as swirling, which is caused by the fans. The maximum mean air 
velocity within the burn section of the chamber is 1.44 m/s. This can be changed using the 
variable speed controller. Velocity slices at three horizontal height locations have been 
measured within the chamber and are illustrated in Fig.  28. These provide an indication of 
the localised air velocities within the chamber. The non-uniformity of the velocity flow 
within the chamber is a direct result of induced swirl created from the three fans. This 
however does not affect the performance of the chamber for the purpose of creating ash.  
Similar to the open fire tests, four thermocouples installed in the wall of the chamber were 
used to measure the flame temperature of the biomass. The high temperature k-type 
thermocouples were again corrected for the emissivity (εir) of the stainless steel jackets (see 
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3.6 Geometric Properties of Ash Particles 
 
The analysis of the geometric properties of ash particulates will be examined within this 
section, along with the projected area, aspect ratio, thickness and particle shape. Validation of 
the burn chamber results will be considered and related to the open fire results measured in 
section 3.5 
 
3.6.1 Particle Projected Area Distributions 
 
Using the burn chamber and the image processing techniques outlined in Appendix C, the 
analysis of the projected area of ash has been extracted for the messmate eucalypt and black 
wattle. The measured projected area distributions are illustrated in Fig.  33 and Fig.  34 
respectively. Ash collected from the chamber that has been used for all statistical 
distributions within this chapter was restricted to a general case where the peak flame 
temperature was maintained within the range of 800 – 900 ºC. This was achieved by altering 
both the air velocity and fuel loading factor for the different plant and tree species tested. 
Based on the limitations of the scanning equipment, the minimum particle area has been 
restricted to particles ≥0.20mm2. This area has also been chosen as it represents the crossing 
point from where the through thickness dimensions become equal to the cross-section 
dimensions.  
When considering the messmate ash generated from the burn chamber in Fig.  33, an 
excellent statistical correlation to those particles found within the small open fire tests can be 
observed (see Fig.  25). It should be noted that image processing of the DSLR photos will 
incur slight skewing due to the perspective angle of the image. With this in mind, the overall 
variations in distributions are negligible. This provides the first confirmation criteria for 
validating the burn chamber for creating statistically correct ash.  
The projected surface area distributions measured for both species can be seen to have 
slight variances. The messmate eucalypt shows a slight spreading in the projected area of the 
particles when compared to the black wattle. This is most likely due to the larger dorsiventral 
leaves of the messmate eucalypt. The leaves of black wattle are much smaller in cross-
sectional area, thus restricting the development of these larger particles within fires.  
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The extension of the area PDF into the micron range has been illustrated by Radke et. al. 
[69, 115]. Measuring the concentration of particles from a number of large files, three distant 
particle size distributions have been identified by Radke et. al. These particles (D~1-2µm) are 
however, too small to cause significant scatter at the measured concentrations and can 
therefore be ignored for the statistical distributions required to describe radar backscattering. 
3.6.2 Particle Aspect Ratio Distributions 
 
Although the projected area of an ash particle gives some indication of a particle’s size, it 
does not provide a complete picture as to the shape of the particle. The shape of a particle is 
important as it informs two factors relating to its scatter: its dynamic behaviour and scattering 
ability. A key indicator in distinguishing the various ash particle shapes created from 
different plant and tree species is the aspect ratio (see Eqn. ( 3 )). 
Due to the highly asymmetric shape of ash, the extraction of a particle’s aspect ratio is 
preferred over the commonly defined axial ratio for spheroidal-shaped particles such as those 
found in precipitation. The two aspect ratio distributions for the messmate eucalypt and black 
wattle are illustrated in Fig.  35 and Fig.  36 respectively. The aspect ratio shows excellent 
correlation to a GEV PDF distribution. There is excellent correlation between the aspect ratio 
and a GEV PDF distribution.  
As illustrated, the variations in the aspect ratio distribution between the messmate eucalypt 
and black wattle are small. This is due to the broadleaf foliage structure being common to 
both species. Beyond these species, similar aspect ratio distributions have been measured for 
different eucalypt species. These will be summarised at the conclusion of this section.  
When considering the messmate eucalypt distributions, the mean aspect ratio is slightly 
shifted compared to those observed in the open fire tests (see Fig.  26). The small shift in the 
mode of the distributions can be explained by the use of DSLR images instead of a scanning 
type arrangement. 
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Here, an optical error occurs within the open fires tests due to the relative perspective 
viewing angles of the images. As a result, the aspect ratio of the ash is stretched in one 
direction more than the other, causing a direct increase in the mode aspect ratio value. With 
little variance in the projected surface area and with acceptable differences in the aspect ratio, 
it has been shown that the linear burn chamber provides a valid means for generating and 
studying ash in a safe manner. 
 
3.6.3 Particle Thickness/Cross-Section Distributions 
 
The final geometric identifier for ash is the through thickness dimension. As the dimension 
cannot be directly measured using image-processing techniques, a manual measurement of 
each ash particle must be carried out. This however, presents a number of challenges; the 
most significant of which relates to establishing a method that does not cause any damage to 
the fragile ash particles. 
To find an appropriate measurement technique, it can be assumed that the thickness of an 
ash particle closely represents the thickness of its originating biomass. To test the validity of 
this assumption, an analysis of changes in the particles’ cross-sectional thickness was carried 
out.  
Using the measurement technique of micro-computer-tomography (Micro-CT), the 
through-thickness of biomass can be analysed. This technique uses the X-Ray transmission 
properties of samples over a 180º rotation to re-construct cross-sections of a sample. 
Examples of Micro-CT scans taken of the messmate eucalypt biomass exposed to various 
temperatures are depicted in Fig.  37.  
As illustrated, the thickness of the biomass remains consistent up to an exposed 
temperature of 300 °C. Beyond this point, the structure of the biomass shows some signs of 
warping, however; the thickness remains relatively consistent. This is not the case for cross-
sectional dimensions representing the projected area of the particles. As is illustrated by Fig.  
38, clear reductions in the projected area with respect to the exposed temperature can be seen. 
This has been quantitatively analysed using image processing and is illustrated in Fig.  39. 
Here, the reduction in area follows an exponential trend until the 450 °C temperature point, 
where the projected area begins to show signs of stabilising. The rapid reduction in the cross-
sectional dimensions demonstrates a consistent inward pull created by the remaining cell 
structures within the biomass.  
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3.6.4 Particle Geometry Relative to Tree/Plant Species (Shape Type) 
 
In the natural environment, complex structures are readily found. When it comes to the 
cellular level of biomass, these structures become extremely diverse. The general structure of 
ash in its complex form cannot be practically implemented to solve its scattering effects. 
Thus, a simplified geometric representation of the bulk shape of the ash must be established. 
To give an idea of the complex structure present within biomass, SEM images of various 
structures have been illustrated in Fig.  42. The three examples demonstrate the complex hair 
structures found on the underside of the bracken fern, the complex cell wall structure of a 
small eucalypt tree and finally, the extremely unusual shape of a cypress needle. To solve a 
generalised shape for these particles, the relative wavelength must be factored into the 
scattering model. In most cases, wavelengths are much larger than the physical size of ash 
particles, therefore finer geometric details have little bearing on the total scatter. Many 
electromagnetic problems are resolved by the implementation of a geometric assumption. A 
typical example relating to the successful implementation of geometric assumptions can be 
found in many precipitation models. Here, spheroidal geometries are assumed. In the case of 
ash, the high asymmetry of the particles leads to a case where the assumption of a spheroidal 
approximation is no longer valid.  For this reason, further geometric assumptions about the 
particle’s shape need to be defined.  
To analyse the different shapes of ash, there are two main sizing categories that need to be 
explored. The first grouping is of particles that can be defined as large. These particles 
provide significant scatter and have been classified here to be ash particles with a projected 
area greater than 0.2 mm2. As previously stated, this lower limit is due to the restrictions of 
the scanning equipment used in the image processing methods and the crossing point for 
when the through thickness dimensions equal that of the cross-sectional dimensions from 
many ash particles. The second category is comprised of ash particles that are smaller than 
0.2 mm2. Particles within this size range have been statistically classified by Radke et. al. [69, 
115]. To illustrate the complexities in the geometries of ash in both these ranges and to 
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Within the smaller particle size category, the effects of cell structure on the shape of particles 
are more profound. SEM scans of ash created from the six species examined within this 
dissertation are illustrated in Fig.  49 to Fig.  54. The general shape of these particles becomes 
more spheroidal in these smaller ranges, however; the abundance of small, planar-like 
particles are also still present. These structures are best illustrated by the bracken fern ash for 
example (see  Fig.  51), where the layers between the cell structures have broken away. It is 
known from research carried out by Radke et. al. [69, 115] that smoke particles below 2 μm 
in cross-sectional length are extremely spheroidal in shape. The spheroidal-shaped particles 
are represented within Fig.  49 to Fig.  54 by the more lightly shaded particles. The lighter 
shade in the SEM images represents a low conductive medium. Here, with the exception of 
bracken fern, these spheroidal particles are mainly composed of calcium, which is the main 
element used in the formation of many plant cell structures. Bracken fern differs as it has a 
mostly silicon-based cell structure, resulting in its significantly contrasting combustion 
properties. The elemental composition of ash will be further discussed in section 3.7.2. This 
is highlighted by differences in the RGB and LAB colour models at different temperature 
ranges (see Appendix D) and the state of its large and small ash shown in Fig.  45 and Fig.  51 
respectively. The differences between these smaller smoke particles and the smaller ash 
particles created from the remnant cell structures offer an excellent comparison between the 
two types of particles. In this larger range, the geometry of the particles begins to play a key 
role in the scattering properties of ash.  
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3.6.5 Surface and Through Thickness Geometry 
 
To complement the through thickness distributions outlined in section 3.6.3, a review of 
the through thickness shape of biomass will be explored. As shown in section 3.6.4, the 
shapes of large ash particles are very well characterised by their originating biomass 
structures. The aforementioned complexities in the biomass require a geometric assumption 
to be made for the through thickness dimensions of ash. Fig.  55 outlines different cross-
sections and surface finishes of each of five different plant and tree species analysed. An 
illustration of the cypress needle can be observed in Fig.  42 c). Illustrated in Fig.  55 a) and 
Fig.  55 b) respectively are the cross-section views of the eucalypt and wattle. The effects of 
temperature on the thickness of the eucalypt has previously been detailed in section 3.6.3, 
however; it has been included here to help distinguish it from the other plant and tree species 
to be analysed.  
As illustrated, the eucalypt and black wattle show very similar thickness cross-sections. 
This almost planar-type width is common for many broadleaf plant and tree species with the 
most variance seen in regions of veins and stems. The surfaces of both are also similar to 
stomata pores found covering the leaf. Here, the eucalypt is shown to have larger pores, thus 
resulting in its rougher surface texture.  
The leaves of the bracken fern with their highly formed pinnate structures have a slight ‘C’ 
shaped cross-section as presented in Fig.  55 c). The edges of the leaf structure are folded, 
housing sorus spores used in the plant’s reproductive cycle [106]. The bracken fern’s surface 
structure is lumpy and textured, however may still be classed as a planar structure. It should 
be noted that the surface texture is significantly larger than that found in the eucalypt and 
wattle species.  
Moving away from the planar cross-section in the eucalypt, wattle and bracken ferns, 
cylindrical cross-section can now be seen in the sheoak and pine species (see Fig.  55 d) and 
Fig.  55 c) respectively). The sheoak has a very well defined circular cross-section. Its surface 
has small, lengthways ripples that track its entire circumference. Conversely, the pine has a 
mushroom-shaped cross-section. This can be assumed to closely represent that of a 
semicircle, as the small indentations are insignificant when compared to typical radar 
operating frequencies. The pine’s surface is quite smooth, with a number of small stomata 






































































Chapter 3 – Geometric and Dynamic Properties of Ash 
82 
 
3.6.6 Summary of PDF Functions for Ash 
 
A summary of the PDF’s measured for a number of plant and tree species can be observed 
in Table 3. The importance of measuring these distributions is illustrated by the large 
variation between the geometric properties of ash created from different plant and tree 
species. 
The area distributions for example illustrated similarities between species of similar sized 
foliage. This is clearly illustrated between the Blackwood wattle, iron bark and spotted gum 
species. Illustrations of their similarities in projected area foliage can be seen in Appendix B. 
This further bolsters the hypothesis that the area distribution is relative to the size and shape 
of the originating biomass. The aspect ratio distributions on the other hand exhibit similarities 
between all planar-type particles and needled-type particles. The exception here is bracken 
fern, which has small, complex, pinnate leaf structures with a high individual aspect ratio. It 
is likely that there is a correlation between the sizes of the foliage being consumed, the 
respective projected area and aspect ratio of the ash particles. This however, requires further 
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3.7 Physical Material Properties of Biomass and Ash 
 
Although the geometric properties of ash play a significant role in determining their 
scattering characteristics, the underlying physical behaviour of biomass aids in overall 
scattering ability. This section investigates those properties of ash (as a material) that are 
affected by temperature. It will investigate the effective mass reduction of biomass over 
different exposed temperatures, and examine macroscopic changes to the cell structure of 
biomass, elemental composition and finally, moisture absorption rates.  
 
3.7.1 Effects of Temperature on Organic Materials 
 
One of the most profound effects temperature has on naturally occurring organic materials is 
the decomposition of its base material. This decomposition in the case of biomass from tree 
and plants species causes a direct synthesis of many biogenic, toxic and carbonic compounds 
[75, 113, 114, 120]. Concerning the scattering characteristics of the remaining solid 
constituents of ash, the effects of porosity play a direct role in altering the relative complex 
permittivity. In a basic sense, this can be explained by considering that the amount of 
material present within a finite unit volume. As the porosity increases there is less physical 
material to interact with an electric field. This lower amount of interaction by definition must 
decrease in a permittivity of a material. By mapping the effects exposed temperature has on 
the mass of various tree and plant species, a better understanding of the relative complex 
permittivity of ash can is ascertained (see chapter 4). This can be carried out by measuring 
the biomass before and after the samples are heated to a specific temperature. Here, two 
considerations must be made: what is the most appropriate heating system and what is the 
time required for the biomass to stabilise in its mass at each temperature range? 
For the analysis of the eucalypt and wattle samples, low temperature measurements to 400 
°C using a temperature-controlled hotplate were found to be most successful. Here, single 
leaves were heated at any one in the middle of the hotplate where reduced thermal gradient 
effects were then imposed on the samples. The temperature directly under the heated leaf 
samples was monitored with an external k-type thermocouple. Temperatures were stabilised 
to an accuracy of ±1 °C and were not allowed to increase above this error limit for each of the 
designated temperatures to be measured. Temperature ranges chosen included an un-burnt 
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The effects of the reduction in the mass shown in Fig.  58 gives a clearer picture of the 
trend expected for the relative complex permittivity. As explained previously, this is because 
there is less physical material interacting with a propagating electric field. This leads to the 
conclusion that the permittivity of the biomass for the eucalypt and wattle species should 
follow a similar trend. If so, it is highly likely that many other tree and plant species will 
exhibit similar material behaviour.  
 
3.7.2 SEM-EDX Elemental Analysis 
 
The relative complex permittivity is defined as a macroscopic material property which 
describes the displacement of an electric field within a medium. As it deals with the 
interaction of an electric field on a macroscopic level it is heavily weighted by the 
composition and porosity of physical material bound within a volume of space.  In the case of 
biomass, there are a number of interesting elemental trends with respect to exposed 
temperature which can be measured to provide a better understanding of changes in the 
relative complex permittivity. These will be measured and analysed in Chapter 4. 
Particular focus is drawn to changes in elemental carbon and oxygen within the biomass. 
These two elements form the basic building blocks for all organic life on earth. Carbon is 
known to be an extremely lossy material. It is commonly used in many microwave 
applications such as RF absorbers [94]. Even small quantities of lossy carbon present within a 
material can cause the material to have a high large relative complex permittivity due to its 
localised conductive properties.  
Using an analysis technique called Energy-Dispersive X-Ray spectroscopy or EDX, the 
elemental composition by percentage weight of ash samples can be extracted. The EDX here 
has been carried out in a FEI Quanta 200 Environmental Scanning Electron Microscope 
(ESEM). Sample preparation is critical when using the EDX method. Measured samples must 
be planar, and non-charging to allow for the best penetration of an X-ray beam into the 
biomass. Using flat broadleaf structures helps with this requirement. Fine ash must be carbon 
coated to reduce charging and this small concentration removed from the final analysis result. 
To improve sensitivity all samples measured were done so using an average amp. time of 100 
μs. The resultant EDX scans for a messmate and blackwood wattle sample up to 400 °C are 
illustrated in Fig.  59 and Fig.  60 respectively. 
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To maintain a control in the EDX results, a consistent reference area in each of the 
biomass samples was scanned at each exposed temperature range. Like the normalised mass 
curves outlined in section 3.7.1, the carbon and oxygen concentration up to 400 °C shows a 
consistent trend. Here, elemental carbon is shown to follow an exponential downwards trend 
as the concentration of elemental oxygen increases. Other trace elements are shown to be of 
negligible concentrations within this temperature span. This said, the temperature window 
here is quite small and so it is important to describe this elemental breakdown at higher 
temperatures. 
Increasing the exposed temperature of the biomass into higher temperature ranges (> 800 
°C), the EDX samples need further preparation. At these temperatures the ash begins to 
charge due to the consistent X-Ray interactions. This charging will directly affect the 
accuracy of the EDX elemental analysis. To combat this charging problem the samples were 
coated in carbon before EDX was carried out. A comparison between the elemental 
breakdowns for an un-burnt sample, equivalent 400 °C, 800 °C (blackwood wattle) and 1000 
°C (messmate eucalypt) are illustrated in Table 4 and Table 5 respectively. Particular focus 
has been given to the concentration of silica and calcium at these higher temperatures. These 
two elements are major nutrient minerals required for all plant and tree life ash they are 
required for building cell structures [121, 122]. As shown in the two tables, the concentration 
of calcium rises substantially in both samples and the amount of silica also varies. Here the 
messmate ash sample is shown to have a significantly low silica concentration to that of the 
Blackwood wattle.  
 
 






Wt. (%) at 
1000ºC 
C Carbon 86.45 67.21 12.98 
O Oxygen 12.70 24.66 41.36 
Si Silicon   0.10   0.17   3.84 
Ca Calcium   0.04  2 .68 27.52 
                          Composition determined using SEM EDX, amp. time = 100μs. 
 












C Carbon 81.61 66.93 24.93 
O Oxygen 17.13 25.98 32.98 
Si Silicon 0 .15 3.26 10.31 
Ca Calcium 0.51 1.99 13.34 
                          Composition determined using SEM EDX, amp. time = 100μs. 
 
Quantified amounts of calcium and silica in other plant and tree species exposed to high 
temperatures are illustrated in Table 6. The composition of this ash reveals a similar trend 
showing the removal of carbonaceous compounds from the biomass samples. During elevated 
temperatures, all samples measured show a gradual increase in oxides, most likely in the form 
of calcium oxide. The remaining carbon may also be transformed into calcium carbonate. 
Once these reactive carbonaceous compounds are removed, the remaining cell structures are 
primarily composed of elemental calcium and/or silica. As the mass of the ash is known to 
stabilise at around 450-500 °C this elemental composition shown in Table 6 will represent the 
elements interacting with an electric field. This will form what is known as the base relative 
complex permittivity of ash and will be explored in chapter 4.  
 
 
Table 6: Base Elemental properties of high temperature ash 
Element Name 
Wt. (%) 
Bracken Fern at 
800ºC 
Wt. (%) Sheoak 
at 800ºC 
Wt. (%) Pine 
at 800ºC 
Wt. (%) Cypress 
at 800ºC 
C Carbon 39.08 21.85 22.52 9.84 
O Oxygen 36.97 36.48 40.38 34.19 
Si Silicon 15.22 7.71 0.43 21.21 
Ca Calcium 3.24 21.27 25.68 17.95 
  Composition determined using SEM EDX, amp. time = 100μs. 
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3.7.3 Moisture Absorption Rates 
 
The absorption of moisture from the surrounding atmosphere occurs in many different 
materials. Ash, being a highly porous and hygroscopic material, is no exception [115]. The 
absorption of moisture into an ash particle has two main effects relating to its physical and 
scattering properties. Firstly, there is an increase in the particle’s weight. This has a direct 
effect on the inertial properties and thus the probable life of the particle within the 
atmosphere. The extreme end of this is if the ash reaches super-saturation, where it will 
effectively act as a water droplet [68, 69, 123]. If this occurs, observations of the polarisation 
of a scattering field will trend more towards spheroidal (oblate or prolate) shaped particles, 
showing close correlations in the differential reflectivity and linear depolarisation ratio. In the 
limited polarimetric observations of smoke columns, this is shown not to be the case [44, 54, 
55]. At low altitudes, super-saturation is less likely to occur, as most atmospheric conditions 
do not promote the formation of condensing water vapour [124]. This is a different case at 
higher altitudes, especially with the formation of large pyro-cumulonimbus clouds [50]. 
However, it has been shown that significant scatter is still present at lower altitudes, 
suggesting that particle-based scattering and clear-air scattering may be present [38, 94]. 
Naturally, a particle will still readily absorb moisture. The rate of absorption for the eucalypt 
biomass exposed to various temperatures has been measured and is illustrated in Fig.  61. 
This leads to the second outcome: the gradual change in the relative complex permittivity 
with increased moisture absorption. Illustrated in Fig.  61, the absorption of moisture by 
weight shows clear changes with respect to the maximum exposed temperature of the 
biomass. At lower exposed temperatures the rate of absorption is also lower, whilst the time 
to saturation is prolonged. The opposite effect occurs for those particles exposed to higher 
temperatures. These absorption rates can again be explained by the rapid reduction in the 
mass of the particles with temperature, as is illustrated in Fig.  58. As particles lose mass at 
an exponential rate through the combustion process, the effective porosity must also increase 
proportionally. As the porosity increases, cell structures still widely intact at lower 
temperatures begin to break down and become more readily exposed to the atmosphere.  
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The likelihood supersaturated particles forming rain from a fire event is complex and 
depended on atmospheric conditions (temperature, humidity, and pressure), consumed fuel, 
moisture content and fire size. To demonstrate the extreme case where ash particles may 
interact with condensed water droplets, a time sequence of such interactions were observed 
using a high speed 240 fps video camera. This time sequence is illustrated in Fig.  62. The 
images show a droplet of approximately 3mm in diameter, representing 0.008ml of water and 
positioned on a plastic sheet. 
The highly porous ash is then brought into contact with the water droplet. Due to the 
capillary action of water, the ash is rapidly pulled into the water droplet, forming an 
anisotropic medium. The entire process is complete in just 40 milliseconds. These effects 
may occur in nature when condensing water collides with larger ash particles, however; it is 
likely that the ash will act like a sponge, absorbing more than its weight in moisture. 
 
3.7.4 Porosity, Density and Cell Structure with Respect to Temperature 
 
When analysing the relative complex permittivity of a porous material, it is useful to 
determine the amount of physical material to that of air. This is commonly described as the 
volume fraction (Vf) or its inverse, the true porosity (φtrue). The volume fraction is described 
by Eqn. ( 5 ) and the porosity by Eqn. ( 6 ). 
 
௙ܸ ൌ ௜ܸ௧ܸ ൌ
݌௕௨௟௞
ߩ௦௢௟௜ௗ  
( 5 ) 
߶௧௥௨௘ ൌ ௩ܸ௧ܸ ൌ 1 െ
ߩ௕௨௟௞
ߩ௦௢௟௜ௗ 
( 6 ) 
The importance of the volume fraction to the scattering comes into play when considering 
the amount of physical material interacting with an electric field. It also plays a role in 
defining the effective relative complex permittivity of the material. Calculating the bulk 
density of a leaf is quite easily achieved using a pycnometer type arrangement and is 
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The measured solid density for ash made using a pycnometer type measurement for the 
different species can be referenced in Table 7. 
 
Table 7: Solid Density of Ash 
Sample TEMP. RANGE (ºC)  ρsolid (g/cm3) 
Eucalypt 1000-1100 2.84 
Wattle 800-900 2.01 
Bracken Fern 800-900 1.95 
Sheoak 800-900 2.95 
Pine 800-900 2.11 
Cypress 800-900 2.35 
                                    Note: volume displacement measured at 22 °C where ρwater ~0.998g/cm3 
 
 
The measured density values are shown to vary with respect to each of the plant and tree 
species. Particular attention should be brought to the low solid density values of the bracken 
fern and wattle species. Here, remaining porosity within the ash is most likely due to slightly 
lower solid density values. The measured density values are on average similar to that of the 
amorphous carbon. It is highly probable that the solid densities for dry biomass, regardless of 
species, will be similar. This can be somewhat explained by the similarities found in the 
material properties of different plant and tree species with respect to temperature.  
Due to the difficulty of measuring the solid density of biomass and thus determining its 
porosity, alternative techniques have also been investigated. Porosity can be measured 
directly using a Micro-Computer Tomography (MicroCT) technique. This involves using a 
high resolution X-Ray source and detector to produce transmission X-Ray images of a 
sample. Firstly, the sample is rotated 360 degrees perpendicular to the X-Ray source. The raw 
transmission images are then filtered and processed into vertical slices using a back 
projection technique. The reconstructed cross-section images represent an intensity map 
based on the absorption properties of a sample. The image sequence is then imported into 
Avizo (a program by VSG), where it is scaled based on the resolution of the MicroCT scans. 
Avizo then thresholds the images, reconstructing a 3D model. This process is identical to the 
image processing methods outlined in Appendix C, with the exception that information is 
extracted by integrating over the entire 3D image domain. This allows for the extraction of 
voxel (volumetric pixel) information to calculate porosity. The accuracy of this extraction 
method like all image processing methods is limited by the ability to apply an index grey 
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appear more solid than they actually are, therefore the porosity will be underestimated.  In 
temperature ranges above 250 °C, significant changes in the cell structures are observable. As 
illustrated, density rapidly depletes in the vascular tissues. At 350 °C and 400 °C, almost no 
material is present in the vascular tissues while significant structural contraction is present. 
The spongy mesophyll cells (represented by the spaces between the vascular tissues) are also 
shown to also lose their form, thus aiding the contraction mechanism. Illustrated by the cell 
structure is the apparent contrast in densities over the entire leaf volume. This again 
highlights the complexities of biomass, especially when understanding how an 
electromagnetic field will interact on a macroscopic level. Porosity increases as the 
temperature approaches 400 °C and the contracting mechanism becomes less influential 
compared to the physical loss of material. Overall, the porosity does not show a significant 
variation (in the order of 10%) compared to the normalised mass loss. Here, it is shown that 
the eucalypt biomass will lose in the order of 60% of its total mass. It can be concluded that 
the contracting mechanism appears to balance porosity as material is removed.  A full 
statistical analysis of the porosity is required in order to gain a better understanding of this 
exact interaction.  
Taking the extracted porosity from the MicroCT technique a comparison can now be made 
to the expected porosity calculated using the bulk density of the measured samples. The 
extraction of the solid density can be made by Eqn. ( 6 ). A comparison between the different 
measurement techniques for eucalypt biomass is illustrated in Table 8. As seen, there is a 
divergence between the expected porosity (using Fig.  64.) and the porosity extracted using 
MicroCT. There is relatively good agreement at lower temperatures with the difference 
around 8% in the un-burnt sample. At higher temperatures this increases to 22%. Although 
the difference is large between these two methods both have a number of limitations. For 
example the measured porosity must assume a solid density value for each sample. The 
MicroCT technique on the other hand is limited by its resolution. Also, only one sample at 
each of the temperature points was examined at for the MicroCT technique. This does not 
give a complete statistical representation of the porosity at each temperature point. Analysing 
Fig.  64 further, the variation in the bulk density is significant and it is highly plausible as the 
samples measured using the MicroCT technique fall outside of the standard deviation at 
higher exposed temperatures. The only way to definitive know if this deviation is not within 
the statistical average is to measure a larger population using the MicroCT technique, 
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3.8 Ash Particle Dynamics 
 
3.8.1 Dynamics of Fires – Thermal and Fluidic 
 
The thermodynamic process involved with the propagation of fires is primarily driven by the 
immense amount of thermal energy released during the decomposition of organic biomass. 
The broader interaction of fires with the atmosphere has a number of classical thermo-fluidic 
responses that intensify the combustion process. These effects are a coupling between fires 
and the atmosphere [51, 52, 116, 126]. The most prevalent and noticeable fluidic effects of 
fire-atmospheric interactions are vortices [51, 52, 116, 126-132]. Vortices are generally 
associated with large fires, however; the same thermo-fluidic processes are also present in 
small fires with less intensity and duration. Vortices formed in large fires are generally found 
in two orientations known as horizontal roll vortices and vertical roll vortices.  
Horizontal roll vortices exist in three main formations: single vortices, double vortices 
pairs and transverse roll vortices [51, 52]. Formations of these horizontal roll vortices are 
illustrated in Fig.  67 to Fig.  69. The single horizontal vortex is a complex formation thought 
to develop in turbulent sheer layers [52, 116]. As turbulent air flows through complex terrain, 
various objects can effectively spilt it into a horizontal vortex. Airflow then rolls and captures 
the fire, dragging smoke into a helix-type vortex. These types of horizontal vortices are 
reported to occur in very high wind speeds, upwards of 16-22 m/s [52]. 
Horizontal vortex pairs are created by boundary layer interactions between fluids of 
different densities. Here, the heat generated from fires reduces the density of the ambient air 
within the flaming region. This lower density air then rises to create a fluidic movement. As 
the air rises it begins to loop, creating vortex tubes that envelope those vortices already 
present. As a result, the surrounding vortex rings are rolled upwards so that the plume 
diverges and forms counter rotating vortex pairs [116, 129].  
Finally, transverse vortices are created by buoyantly heated air rising above circular-
shaped fires. As the heated air rises, it creates a donut-shaped, counter-rotating ring with the 
cooler atmospheric air. These vortices can break up in the presence of strong winds creating 
partial rings on one face of a fire front. 
Both the horizontal vortex pairs and the transverse vortices are reported to be formed in 
the presence of low wind speeds in the order of 6m/s or less [52].  
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The dynamic behaviour of planar-type particles conforms to two primary dynamic modes, 
represented as fluttering and tumbling [133-137]. The fluttering mode is that most commonly 
associated with falling leaves, whereby particles rock side to side as they descend. As the 
particles fall, both planar surfaces remain facing the same relative direction. In the tumbling 
mode, particles fall in the direction of motion. Here, the planar surfaces flip sides numerous 
times as particles descend through the atmosphere. Because the particles ascend and descend 
in 3-dimensional space, each with six possible degrees of freedom (three translations, three 
rotations), there is also the introduction of spin. This is represented by a corkscrew action as 
the particles move through space.  
To study the extent of these different modes with regards to the behaviour of ash particles, 
image processing of high-speed video data was carried out. Both the ascent and descent 
phases were explored using ash from the messmate eucalypt. Along with a visual observation 
of the dynamic behaviour, an estimation of the Reynolds number was also conducted. The 
Reynolds number is a dimensionless coefficient representing the ratio of the inertial forces of 
the particles to the viscous forces of the fluid through which they travel.  
When comparing particles, it is crucial that the Reynolds numbers are similar. One 
definition of the Reynolds number (Re) is given by Eqn. ( 8 ) [133-137]. 
 
ܴ݁ ൌ ܷܽݒ  
( 8 ) 
Where ‘a’ is the semi-major axis length of a particle, ‘U’ is the average transitional 
velocity and ‘v’ is the kinematic viscosity.  
To capture the dynamic behaviour of ash particles in the ascent and descent phases, a slow 
motion video can be integrated with image processing techniques. The dynamic behaviour of 
particles in the descent phase can simply be captured by dispersing particles from a height 
and observing their natural falling behaviour using a 240 fps video camera. A similar 
arrangement in the ascent phase can also be used but in this case, particles are blown upwards 
using a small fan.  
Converting the captured footage to individual frames, the average transitional velocity, 
particle semi-major axis and dynamic modes can be determined using ImageJ. Trajectory 
plots for eight particles showing examples of the different dynamic modes are illustrated in 
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P1 9.40 1.197 1.529 0.633 389.15 T,D 
P2 3.41 1.197 1.529 0.632 140.95 T,D 
P3 4.13 1.197 1.529 0.551 148.86 F,D 
P4 9.94 1.197 1.529 0.515 334.50 F,D 
P5 2.80 1.197 1.529 0.386 70.70 F,D 
P6 3.61 1.197 1.529 0.374 88.22 F,D 
P7 5.39 1.197 1.529 2.069 729.83 C,A 
P8 5.86 1.197 1.529 0.877 336.29 C,A 
+ Atm. Temp = 22.0°C, RH = 42%, b ≈0.27mm 
T = Tumbling, F = Fluttering, C = Stable Chaotic, D = Descending, A = Accenting 
 
For those particles portraying both the fluttering and tumbling modes in the descent phase, 
the incident angle of a propagating electromagnetic wave will have a dramatic effect on the 
principle scattering field. If radar is observing these particles at low grazing angles and at 
large ranges, they will effectively appear as horizontally orientated, needle-like structures. 
This may explain why polarimetric measurements have observed such structures inside 
smoke columns [44, 45, 55]. In contrast, vertically pointing radar will observe a significantly 
larger, broadside cross-section of the ash particles. The measured orientation angle PDF 
relative to the horizontal axis for the fluttering mode is illustrated in Fig.  72.  
This distribution shows a standard deviation of 31.98 degrees for the eucalypt ash particles 
in this descent phase. This relatively large standard deviation means that planar particles 
displaying the fluttering mode will produce less coherent scatter at any given point in time. 
This scatter still favours a vertical pointing arrangement, however; an increase in scattering 
produced from higher elevation angles should also be noted. The data was collated by 
tracking the relative angle of the particles within the high-speed video stream. This is 
assumed to be equal in both orientation planes and portrays a significantly larger standard 
deviation than that reported for planar meteorological particles such as snowflake structures 
[138]. This higher distribution is most likely due to the high level of asymmetry within the 
ash particles.  
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introduced to the classification. Distinguishing ash particles in this manner resulted in the 
notation of many similarities. Aspect ratio PDF’s were found to be identical between the 
eucalypt and wattle species, while a slight spreading of the projected area PDF’s was also 
noted. This spreading was theorised to be the result of the larger surface area present in the 
eucalypt species. Similarities were also found in the normalised mass loss and elemental 
composition, demonstrating identical behaviours to 400 °C. The normalised mass loss was 
identical in four different species.  
The dynamic behaviour of the two large shape classes was shown to display three different 
dynamic modes. The eucalypt ash demonstrated all three modes, including the random 
chaotic mode in the ascent phase and the fluttering and tumbling modes in the descent phase.  
Conversely, pine was found to be predominantly influenced by its longitudinal stability. 
Whilst also demonstrating a random chaotic mode in the ascent phase, these ash particles 
only displayed the fluttering mode in the descent phase.  
Particles in the ascent phase were shown to be affected by typical roll vortices generated 
by the thermodynamic cycles present in fires. These are typically described as horizontal or 
vertical roll vortices, which are inducements of large eddy swirls. Particles trapped inside 
these swirls will characteristically display trajectories similar to that of the moving air.  
The development of statistical PDFs for the different types of ash as well as the analysis of 
their different dynamic properties provides answered to the first research question. The 
analysis undertaken provides a link between the geometries of smaller ash and smoke 
particles. These show typically spheroidal shaped geometry while larger ash particle which 
will proved significantly more scatter have geometries which are renitent of these original 
biomass. The large contrast in between planar and cylindrical shaped particles will become 
important when analysis the contributions of co and cross polarised electromagnetic waves in 
chapter 5.  
The next requirement for analysing the scattering ability of ash particles is to investigate 
their fundamental RF material properties. This centres on understanding how effective 
relative complex permittivity and permeability values change with respect to temperature and 
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One of the primary objectives arising from the literature is to define how the relative 
complex permittivity of ash trends with respect to temperature. Furthermore, it is currently 
unknown if there are differences in the relative complex permittivity of various species or 
whether biomass as a material trends irrespective of the plant or trees being consumed in a 
fire. This chapter aims to extensively explore the relative complex permittivity of ash from a 
variety of plant and tree species, again focusing on the eucalypt and acacia genera.  
The scattering of any medium can be described partly by analysing its relative complex 
permittivity and permeability. Both of these parameters are well established in Maxwell’s 
equations which are illustrated in Appendix A. Both the permittivity and permeability are 
defined as macroscopic material properties that affect the propagation path of an electric or 
magnetic field. The extraction of the relative complex permittivity and permeability at 
microwave frequencies can be carried out using a number of different methods. These include 
reflection only, transmission only, transmission/reflection methods and resonant methods as 
described in [139, 140]. All four methods have a number of advantages and disadvantages 
based on the type of material being analysed and the required accuracy. To measure the 
relative complex permittivity and permeability of ash, a number of considerations must be 
made. Firstly, the way in which the material is physically mounted within a sample holder 
must be addressed. From the analysis carried out within the previous chapters, the fragility of 
ash places a number of physical limitations on how and what can be measured about their 
material properties. This is mostly applicable to ash forming at high temperatures (>450°C). 
The second consideration relates to the magnetic component of ash. There are no ferrous 
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ߤ ൌ ߤ௥ߤ଴ ൌ ሺߤ௥ᇱ െ ݆ߤ௥ሻ 
( 10 ) 
Taking the measured changes in the transmission (S21) and reflected (S11) S-parameters 
from a MUT, the reflection coefficient can be defined by Eqn. ( 11 ). 
Γ ൌ x േ ටxଶ‐1 
( 11 ) 
where, 
x ൌ 	 Sଵଵ െ Sଶଵ ൅ Γ1 െ ሺSଵଵ ൅ SଶଵሻΓ	
( 12 ) 
The propagation factor is given by Eqn. ( 13 ). 
 
ܲ ൌ ଵܵଵ െ ܵଶଵ ൅ Γ1 െ ሺSଵଵ ൅ ܵଶଵሻΓ 
( 13 ) 
Finally, the permittivity and permeability can be calculated by Eqn. ( 14 ) and Eqn ( 15 ). 
respectively. 
















( 15 ) 
where,    L = Sample Length 
             λc = Waveguide cut-off Frequency 
             λ0 = Measurement Frequency 
and, 
ଵ







( 16 ) 
Note:- due to the complex nature of the propagation factor, the number of roots for a complex natural log is infinite (i.e 
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neighbouring scatter and polarisation effects by altering a dimensionless parameter ‘v’ for a 
two-phase system (host phase and mixing phase). This modification allows the unified 
mixing law to describe a wide range of mixing models for different particle types. Sihvola’s 
unified law also presents a simple way to compare well-defined mixing laws to measured 
results. 
As the small particulates of the samples (being the mixing phase) were found to be largely 
porous, a number of steps are now required to back calculate their effective complex relative 
permittivity. The inability to compress the powdered ash into a true homogeneous solid mass 
‘εi’ results in the creation of a mixed sample. To account for numerous complex dielectric 
variations in samples (due to the possibility of infinite volume fractions), an empirically 
matched mixing law is required. One of the main parameters for the differences found in 
mixing laws to those measured is the effects of neighbouring particulate scatter [157]. This is 
a direct result of the physical characteristics of the MUTs such as particle shape (i.e. 
geometry, aspect ratio etc), size distribution, density and orientation.  
Work by Sihvola [153-156] has presented a unified mixing law theory (see Eqn. ( 18 ) and 
Eqn. ( 19)). The introduction of a dimensionless parameter ‘v’ allows for depolarisation 
variations to be corrected for a two-phase system. Theoretically, there is no limit for the 
depolarisation factor as ‘v’ is highly influenced by particle geometry [154, 157] and not the 
isotropic properties of a material. The unified mixing law can be used to describe a number of 
popular mixing laws simply by changing the depolarization factor ‘v’. Examples of this 




ߝ௘௙௙ ൅ 2ߝ௘ ൅ ݒሺߝ௘௙௙ െ ߝ௘ሻ ൌ ௩݂
ߝ௜ െ ߝ௘
ߝ௜ ൅ 2ߝ௘ ൅ ݒሺߝ௘௙௙ െ ߝ௘ሻ 
( 18 ) 
 
ߝ ൌ ߝ௥ߝ଴ ൌ ሺߝᇱ௥ െ ݆ߝ"௥	ሻߝ଴ 
( 19 ) 
 
where,  εe = Complex relative permittivity host phase (air) εi = Complex relative permittivity of mixing phase (solid ash) εeff = Effective complex relative permittivity of mixing phase (measured) 
fv = Volume fraction (solid/environment) 
v  = Dimensionless parameter 
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Rearranging and solving the unified mixing law for εeff the resultant equation is derived 
(see Eqn( 20 )). 
 
ߝ௘௙௙ 	ൌ 	െ ሺ2ߝ௘ ൅ ߝ௜ ൅ ߝ௘ ௩݂ െ ߝ௜ ௩݂ 	െ 2ߝ௘ݒ െ ࡭ ൅ ߝ௘ ௩݂ݒ	 െ	ߝ௜ ௩݂ݒሻ	ሺ2ݒሻ  
( 20 ) 
Where, 
࡭ ൌ	√	࡮ ൅ ࡯ ൅ ࡰ 
࡮ ൌ ߝ௘ଶ ௩݂	ሺ ௩݂ ݒଶ ൅ 2 ௩݂ ݒ	 ൅	 ௩݂ 	െ 8ݒ	 ൅ 4 ൅ 4௩݂	ሻ 
࡯ ൌ ߝ௘ߝ௜ ௩݂ሺെ2 ௩݂ ݒଶ െ 	4 ௩݂ ݒ െ 2 ௩݂ ൅ 10ݒ െ 2	 ൅ 4௩݂ሻ 
ܦ ൌ ߝ௜ଶሺ ௩݂ଶݒଶ ൅ 	2 ௩݂ଶݒ ൅ ௩݂ଶ െ 2 ௩݂ݒ െ 2 ௩݂ 	൅ 1ሻ 
 
The complexities of the particulate geometry within the powdered ash were illustrated in 
section 3.6.4.2. Similarities between the particles over all six genera were also shown. The 
random nature of the mixing phase (i.e. the ash) will create complex scattering. The complex 
3-dimentional structures of the particles will directly impact upon the depolarization factor 
‘v’ [153, 154, 157]. 
At this present stage, two unknown parameters of the ash samples must be determined. 
These parameters are a complete relative complex permittivity model for the ash samples 
with respect to volume fraction (solid material/environment inclusion (air) ratio), and the 
equivalent effective solid relative permittivity (εi real) and loss tangent (tan(δ) ~ εi imag/εi real). It 
should be noted that the effective solid relative permittivity and loss tangent are hypothetical 
points for fire ash, however; they are required to describe the mixing law for the complete 
range of volume fractions (i.e. 0% to 100%). The models are expected to predict the complex 
dielectric property of flying forest ash. This is a result of the collated ash particles being 
extremely fragile, leading to a powdered ash measurement process. As the ash particles are 
highly porous (due to their organic cell structures), a mixing law is required to back calculate 
the effective dielectric property of an equivalent homogeneous material.  
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Applying any mixing law does not however, guarantee an accurate description of a 
material’s properties [152]. This is the case when the inclusion material (the mixing phase) 
has larger geometric particle differences to those assumed in mixing laws such as [153, 154]. 
Moisture content and sample temperature also play an important role in determining the 
relative complex permittivity as will be shown in the subsequent sections of this chapter.  
 
4.3 Effective Relative complex permittivity of Ash Created in 
Uncontrolled Fires Conditions 
 
As has been demonstrated, high temperature ash poses a number of challenges due to its 
fragility. Most of these challenges arise when the biomass is exposed to temperature ranges 
greater than 400 °C. To circumvent this problem, the dielectric measurements of powdered 
ash can also be investigated using the Nicholson-Ross-Weir method. Relating to other remote 
sensing fields can assist in better understanding these uncontrolled samples. In recent years 
there have been a number of studies carried out to determine the dielectric properties of 
different volcanic ash samples in order to understand how pyroclastic cloud particles interact 
with microwave signals [141, 144, 145]. This research provides a primary background in 
radar system performance in volcanic remote sensing and atmospheric modelling.  
The knowledge gained about what effect the exposed temperature has on the relative 
complex permittivity is only relevant under even heating conditions. This analysis is 
important and will be discussed further in section 4.4 and 0. It is also useful to analyse the 
effective relative complex permittivity of ash created from within fires of known peak flame 
temperature. This information provides a window into the expected variations in the 
scattering anticipated for different biomass under similar burning conditions. This further 
demonstrates the independency of a fire’s peak flame temperature and the effective exposed 
temperature of ash as hypothesised in Chapter 3.   
It has been shown that there is a large variation in the amount of stored energy within 
different plant and tree species available to be released to fuel fires [158-162]. This also 
changes based on the time of year due to seasonal temperatures and average rainfall which 
directly effects the degree of curing (DoC) of the biomass [159].  
Ashes created from the six different genera explored within this dissertation have been 
measured for their effective relative complex permittivity in these uncontrolled fire 
conditions. All samples were naturally burnt, reaching peak flame temperatures between 800-
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900 ºC. The eucalypt sample was burnt at a much higher peak flame temperature (between 
1000-1100 ºC), to limit the amount of carbonaceous material remaining within the material. 
This was achieved with the aid of the high temperature propane flame built into the chamber. 
The burnt ash particles of cross-sectional lengths ranging between 1 mm to 5 mm were then 
taken and ground to a fine powder. The final step included passing the powder through a 
number of fine meshes (0.25 mm x 0.25 mm) to remove larger solids.  
The material properties of the test specimens are described in Table 11, while examples of 
the ground ash used for the relative complex permittivity measurements are illustrated in Fig.  
80. The table provides all the determined physical parameters for the ash including the bulk 
density and specific/solid density values along with the equivalent volume fraction (fv).  For 
the purpose of the measured results, it is assumed that the moisture content in all ash samples 
is negligible. Efforts were made to prevent moisture absorption by resting the ash on a 
hotplate at low temperatures. (It should be noted that a small percentage of water will always 
remain within the ash samples, as demonstrated by the absorption plots illustrated in Fig.  
61). Samples were again collected from ground litter, however; here they were left to dry for 
four weeks. The exception to this was the pine sample, which was collected and processed on 
the same day. Here, the air velocity and fuel loading factor were changed to reach the desired 
peak flame temperatures of 800 °C -900 °C and 1000 °C -1100 °C. 
 
 
Table 11 : Volume Fraction Values for Ash Samples 






Eucalypt 1000-1100 2.84 0.87 0.306 
Eucalypt - 
Wet** 1000-1100 2.84 1.11 0.391 
Wattle 800-900 2.01 0.60 0.300 
Bracken Fern 800-900 1.95 0.69 0.305 
Sheoak 800-900 2.95 0.89 0.301 
Radiata Pine 800-900 2.11 0.63 0.289 
Cypress 800-900 2.35 0.71 0.301 
*The volume of the sample holder remained constant at 1.161 cm3 
       **This is based on the dry mass content within the holder. The volume fraction for water  within sample is fv - water = 0.467 
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To provide some analysis of the response of the ash created from the different genera, a 
snapshot of the relative complex permittivity at approximately 30% volume fraction will be 
presented. This snapshot will be expanded to look at the response of the ash over different 
volume fractions thus allowing the equivalent solid permittivity to be approximated using the 
unified mixing law. The data provided in Table 11 is sufficient for solving this mixing law. 
The volume fraction for the sample can be calculated from Eqn. ( 5 ). Furthermore, the 
frequency response of the ash will also be investigated. For a weakly dispersive material is 
can be shown that the frequency response over typical waveguide bandwidths can be 
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Table 12 : Summary of results at mid-band frequency (10 GHz) 
Name Dielectric (ε) Loss Tangent (δ) 
Eucalypt (dry) 2.32 ± 0.025 0.005 ± 0.0025 
Eucalypt (wet) 21.20 ± 0.025 0.610 ± 0.0025 
Bracken Fern 1.95 ± 0.025 0.063 ± 0.0025 
Sheoak 3.45 ± 0.025 0.126 ± 0.0025 
Wattle Tree 3.13 ± 0.025 0.128 ± 0.0025 
Radiata Pine 4.48± 0.025 0.186 ± 0.0025 
Cypress 2.85 ± 0.025 0.058 ± 0.0025 
 
It is clearly illustrated in Table 12 that the dielectric constant varies with species of flora 
based on their natural burning conditions. This is further supported by the known differences 
in the amount of energy stored within different plant and tree species [158-164]. The 
permittivity has been shown in all cases to be relatively linear over the X-Band frequency 
range. As the ash has this linear response the mid-band frequency will give a reasonable 
representation of the relative complex permittivity of the ash. Expanding on this single 
volume fraction point the ash can be now measured and characterised over different volume 
fractions for build a mixing law model.  
 
4.3.1 Fitted Dielectric Mixing Law Models for Uncontrolled Samples 
 
This section presents an empirical mixing law for the uncontrolled ash samples over X-
Band (8-12 GHz). Due to the linear response of the ash over this band only data for the mid-
band frequency of 10 GHz will be displayed. Again the NRW transmission/reflection method 
has been employed, with the analysis now taking into consideration different volume 
fractions [147, 148]. A minimum number of ten different volume fractions for each of the six 
species were measured over X-Band. The complex relative permittivity of each sample was 
measured at volume fractions ranging from approximately 0.15 to 0.45.  Below this fraction 
range, the samples could not physically be held inside the sample holder. Similarly at 
fractions above this, the ash could not be compacted any tighter.   
The samples were prepared and stored under a partial vacuum to reduce moisture 
absorption during storage time. Measurements were carried out at a room temperature of 22.8 
°C and with an average relative humidity of 51.5%.  
Applying Sihvola’s unified mixing law to the measured results, two parameters were 
optimised to find an empirical model for each of the samples. These included the 
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dimensionless parameter ‘v’ and solid/inclusion relative complex permittivity ‘εi’. The 
optimisation process was carried out by firstly altering ‘v’ to find the relative solid 
permittivity ‘εi’ for the measured data points. If the mixing law has perfect agreement, ‘εi’ 
should be identical for every measurement point for any volume fraction. The average of all 
‘εi’ values was then used to re-solve the mixing law. The error between the average ‘εi’ and 
mixing law at each measured point was minimised. The process was then repeated until an 
optimised result was reached. The complex forms of the permittivity were used to solve the 
mixing formulation. This trial-and-error based approach at optimisation was successful in 
find the best agreement for the complex form of the permittivity. 
The results of the optimised mixing law models for each of the species are illustrated in 
Fig.  87, Fig.  88, Fig.  89, Fig.  90, Fig.  91 and Fig.  92. A comparison between the 
Maxwell-Garnett (v = 1), Coherent Potential formula (v = 3) and a large depolarisation factor 
(v = 20) has also been included to demonstrate what effects the depolarisation factor has on 
mixing law results. The corresponding optimised dimensionless parameters (v) used within 
the unified mixing law formula are presented in Table 13. The matching of the mixing law is 
again shown to be in accordance with the measured results, whilst the depolarisation factor 
for all plant species is again found to be almost identical for all types of ash. The ash when 
compared to the traditional mixing law models such as Maxwell-Garnett (v = 1), Bruggeman 
(v = 2) and Coherent Potential formula (v = 3), shows a much more linear response over a 
majority of the higher volume fractions. This is unlike the traditional models, which are more 
non-linear with respect to volume fraction. Both the real and imaginary components show 
excellent agreement.  
The validity of the mixing law is bound by how well the volume fraction of the powdered 
ash is known. As described in section 3.7.4 where the solid density was extracted from the 
ash, some difficulties were encountered due to ash having a highly complex internal closed 
cell structure. These structures, especially in the case where large amounts of carbonaceous 
material remains inside the ash, result in some remaining porosity and subsequently a lower 
than expected solid density value. The effects of this lower solid density value must be 
analysed with respect to the unified mixing law. As shown by the mixing law illustrations, a 
predominant outcome in the results is the shifting of each point left or right along the volume 
fraction axis. The effective relative complex permittivity values will not change respectively 
to each other, thus the depolarisation factor will be identical. In this case, the main effect of a 
lower solid density value centres on the inclusion/solid relative complex permittivity of the 
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ash. As the solid density value decreases, the result is an increase in the volume fraction. As 





Fig.  87 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
relative permittivity for dry eucalypt ash. Optimal when v = 10.10 
 
 
Fig.  88 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
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Fig.  89 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 




Fig.  90 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
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Fig.  91 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 




Fig.  92 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
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Table 13 : Summary of mixing law results at mid-band frequency (10 GHz) 
Sample v εi real εi imag tan(δ) ρ(g/cc) 
Eucalypt 10.10 6.30 0.06 0.0095 2.84 
Bracken Fern 10.06 4.85 0.51 0.1052 1.95 
Sheoak 9.95 10.05 1.76 0.1751 2.95 
Wattle Tree 10.60 11.44 1.71 0.1495 2.01 
Cypress 9.99 8.68 0.85 0.0979 2.35 
Pine 10.40 16.99 3.51 0.1854 2.11 
 
Table 14 :  Summary of fitting errors for measurements and mixing model 







Eucalypt ±0.025 1.47% 0.73% 2.37% 
Bracken Fern ±0.025 3.68% 1.61% 6.85% 
Sheoak ±0.025 4.17% 2.07% 6.78% 
Wattle Tree ±0.025 3.63% 1.70% 7.14% 
Cypress ±0.025 4.40% 2.78% 6.81% 
Pine ±0.025 5.82% 2.63% 7.98% 
*     Dielectric measurement error from Vector Network Analyser 
§      Maximum percentage error between empirical curve and measured points 
**   Overall average percentage error between empirical curve and measured points 
+     Maximum percentage error between εi determined from each data point for optimal solution 
 
Considering the geometry of the ash explored in section 3.6.4, the species sampled within 
this dissertation are shown to be far from spheroidal in shape. This is further complicated by 
three-dimensional cellular sub-structures present within plants. The correction to the 
dimensionless parameter for the depolarisation effects is significant, shown in the high value 
for ‘v’. This result may be attributed to the types of geometric variations in the ash particles.  
The cell structures of the different plant and tree species have been shown to be very 
similar. The resultant depolarisation factor maybe successfully implemented in the unified 
mixing law for describing the relative complex permittivity of a diverse range of different 
plant and tree species. Ash geometry can be considered to be a mixture of planar (sharp 
edged) or spheroidal with capillary cavities. The effect of these cavities may contribute to the 
depolarisation effects experienced by the electric field passing through the medium. The 
contributions of the remanent cell structures to the depolarisation factor will need to be 
studied in further detail to assess what causes a higher outcome. The effects of this higher 
depolarisation factor will also play a role in describing the complex relative permittivity of 
ash particles suspended within the atmosphere. In reality, as an electric field passes through 
an ash particle, it will experience similar macroscopic displacements. The scattering 
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attributed to ash particles will show similar effects, however; as the particles increase in size, 
changes to the depolarisation factor are yet undetermined.  
The measurements of the six ash samples also highlight the flexibility of the unified 
mixing law. The effective relative complex permittivity of the ash can then be easily 
extracted once each of the parameters are known. This provides a more robust method of 
modelling the permittivity than traditional polynomial fitting methods. This is especially true 
when the effects of moisture absorption on relative complex permittivity are required to be 
added to the mixing phase.  
The percentage error between the optimised mixing law and the measured data points 
shown in Table 14 and is within a respectable limit. The fitting errors are similar to those 
predicted by Hallikainen [165] for soil relative complex permittivity measurements using a 
similar back optimisation approach. 
 
4.3.2 Effects of Particle Geometry on the Unified Mixing Law  
 
The effects of particle geometry on the unified mixing law will be explored within this 
section. This analysis is required as there is little known practical implementation of the 
unified mixing law beyond low depolarisation factors. As ash has a complex internal 
structure, it is important to fundamentally explore what is creating the significantly high 
depolarisation factor. This analysis is also important when considering the bulk refractive 
index of free-space containing large planar or needle-shaped ash particles. Shape trends have 
been established for mixing laws, however; shape and size classifications have rarely been 
identified for larger particles in literature [153, 154, 156]. To achieve an analysis of the 
unified mixing law, simulated waveguide data using particles of the same relative complex 
permittivity values have been carried out. The difference between each simulation is the 
geometric properties of the particles. Two geometric cases have been explored here; one that 
represents randomly sized spheres and a second, which includes randomly shaped rectangular 
plates with constant thickness. Both cases have implemented two further size classifications 
between a distributed diameter or length between 0.5-1.0 mm and 1.0-1.5 mm. The resultant 
mixing law models and their fitted depolarisation factor for randomly shapes spheres are 
illustrated in Fig.  93 and Fig.  94 respectively.  
 






Fig.  93 – Simulated (‘S’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 





Fig.  94 – Simulated (‘S’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
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Fig.  95 – Simulated (‘S’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
relative permittivity for random plates of thickness 0.1mm at 0.5-1.0mm (LxW). εi = 10+0.2i, resultant 





Fig.  96 – Simulated (‘S’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
relative permittivity for random plates of thickness 0.1mm at 1.0-1.5mm (LxW). εi = 10+0.2i, resultant 
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As illustrated in Fig.  93 and Fig.  94, the spherical case shows the unified mixing law is in 
accordance with the traditional Maxwell-Garnett and Bruggeman mixing laws. The deviation 
in the depolarisation factor is not significant moving from v = 1.5 to v = 2.0 when the particle 
distribution increases. An interesting shift in the depolarisation factor is achieved when 
considering rectangular plates (see Fig.  95 and Fig.  96). Here, the depolarisation factor 
moves from v=75 to v=14 over the two size classifications. The large depolarisation factor 
inherently found within all the powdered ash samples measured can be explained by these 
complex shaped particles. It is known that on the macroscopic level (as shown in section 
3.6.4) ash is typically made of spherical, planar and cylindrical shaped geometry. The 
average depolarisation factor (v~10) of the ash indicates exactly these types of particulate 
geometries. As the depolarisation factor increases with smaller planar particle geometries, it 
is likely that an interacting electric field will see a medium that is slightly 
spherical/cylindrical in nature. This results in a reduction of the average depolarisation factor 
due to the lower depolarisation factors of these spherical/cylindrical particles. Overall 
however, the particles have a more planar geometry resulting in a larger depolarisation factor.  
The importance of mixing laws in describing the behaviour of ash as a material can also be 
extended to examining the bulk relative complex permittivity of ash particles in free space. 
This particularly applies to the planar geometries of the eucalypt and acacia genera explored 
within this dissertation. As demonstrated in Fig.  95 and Fig.  96, planar geometries have a 
more linear increase with volume fraction compared to spheroidal geometries. Examining a 
case where the planar ash particles experience those dynamic modes explored in section 3.8 
under the descent phase, the bulk permittivity of a volume will increase at a much more linear 
rate. This in effect will cause the reflectivity to be more linear, thus an approximate 
extraction of the concentration of ash particles within a unit volume can be obtained. This in 
turn supports the argument that radar systems observing fires will have a more linear 
relationship between reflectivity and particle concentrations, thus making it possible to 
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4.4 Relative Complex Permittivity of Controlled Ash at Low 
Temperatures (≤ 400 °C) 
 
Extraction of the relative complex permittivity of controlled samples is an important step 
in realising a model that defines material changes with respect to temperature. As 
demonstrated throughout Chapter 3, the ash structure remains intact to 400 °C. Between 400 
°C and approximately 450 °C, the ash begins to ember and loses a significant portion of its 
mass and cell structure, thus becoming too fragile to handle. To successfully extract the 
relative complex permittivity, there are certain sample requirements that must be fulfilled. 
Firstly, the MUT sample must be planar and mounted perpendicular to the propagating 
electric field. Furthermore, there cannot be any air gaps around the edges of the MUT. With 
consideration to the various types of biomass, the scope of samples suitable for such testing is 
then limited to large, broadleaf structures. The extraction of the relative complex permittivity 
for needles such as the foliage common to sheoak pine and cypress for example, will require 
a hybrid measurement where a back-optimisation approach will need to be implemented to 
determine the relative complex permittivity. Here, an electromagnetic simulation model is 
made to measure S-Parameter data.  
The thickness of the broadleaf species (eucalypt and wattle) analysed within this 
dissertation have shown distributions peaking between 0.267 mm and 0.3036 mm. Thickness 
cross-sections using MicroCT analysis have demonstrated that the surface of the broadleaf 
species is rough. This rough texture increases with temperature as the cell structure begins to 
shrink (see Fig.  37). As the surface finish of the leaves cannot be altered in any way, the 
“roughness” will be an inherent error induced into the extraction method. To ensure that the 
leaf samples are covering the entire waveguide cross-section, a specially designed sample 
holder is required. This sample holder consists of three waveguide sections where leaf 
samples are held in place using a thin brass shim. The entire sample holder structure is 
illustrated in Fig.  97.  
The brass shim is designed to have a slightly larger cross section than the waveguide being 
measured. The gap introduced here is approximately 0.25 mm. The thickness of the shim is 
~0.3 mm to correspond to the approximate mean thickness of the samples. The three line 
sections are held together using two small countersunk taps that align the waveguides. The 
effects of the shim in the completed line (see Fig.  97. b)) are calibrated in the standard TRL 
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pressed using 30 mm thick panels of MDF (Medium Density Fibreboard) wood. MDF is a 
type of engineered fibreboard that is notably heavy and will readily take in moisture, aiding 
in the drying process. Samples were left to dry upwards of two months with regular rotations 
(to avoid the leaves sticking to the MDF board). Weight, scans and average thickness 
measurements were also taken. Weight stabilisation was generally achieved within 4-6 
weeks, however to ensure planar leaf structures, extra time was given.  
The leaf structures were then exposed to designated temperature ranges mapped in 
Chapter 3 and for the given exposure times highlighted in Fig.  56. These included an unburnt 
sample and samples exposed from 150 °C to 400 °C at 50 °C intervals.  
The heating process was carried out on one leaf at a time using a temperature controlled 
hot plate. A hotplate was found to provide better temperature stability compared to an oven 
due to the environment remaining effectively constant for the hotplate (i.e opening the oven 
door cools the heating cavity down)  Samples were also lightly pressed using a thick metal 
plate. This aided in maintaining each samples planarity over the heating cycle.  
Once the samples were prepared sections of the leaf were cut using the brass shim as a 
stencil. The sample holder was screwed together and the measurements carried out as per the 
measurement procedure outlined in Fig.  78. It should be noted that the samples are best 
suited for waveguide measurements in WR-90 and below, where the frequency is greater than 
8GHz. The WR-90 waveguide has an internal broad wall dimension of 22.86 mm and a short 
wall dimension of 10.16 mm. The next largest waveguide is WR-137, which has an internal 
broad wall dimension of 34.85 mm and a short wall dimension of 15.80 mm. As 
demonstrated, the cross sectional area of the waveguide is compared to WR-90 rendering it 
less suitable for many types of broadleaf foliage. Examples of the sample preparation process 
for the messmate eucalypt leaves can be observed in Fig.  98. As demonstrated, the biomass 
begins to brown at the 200 °C mark before it darkens towards states of black carbon at 
400°C. The structures at 400 °C are still intact with no flaming or ember regions, therefore 
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4.4.2 Relative Complex Permittivity at X-Band (8 – 12 GHz) and Ka-
Band (26.5 – 40 GHz) 
 
The extracted dielectric constant and loss tangent for three broadleaf structures (messmate 
eucalypt, iron bark eucalypt, spotted gum and blackwood wattle) have been carried out. 
Measurements have been covered primarily at X-band (8 – 12 GHz) with limited 
measurements a Ka-band due to similarities noted in the material properties. These will be 
discussed further within this section.  
Many materials measured at microwave and millimetre wave frequencies typically display 
a polar response [139, 140, 166, 167]. For dielectric materials this response is weakly 
dispersive and can be modelled quite accurately over various wavelengths using a Debye type 
dispersion model [167]. This approach has successfully been implemented in characterising 
highly polar materials such as water [168-170] and snow [169]. As ash retains a large 
percentage of moisture by weight at natural saturation (up to 6% w/w, see section 3.7.3) it is 
expected the relative complex permittivity will display a weak dispersive response over a 
wide frequency range. In this scenario the real component of the permittivity will slowly 
decrease with frequency while the loss tangent will slowly rise. This polar effect of a material 
in the presence of an alternating field can be seen clearly in [170] for example. 
Unlike the effective exposed temperature explored in ash, the ambient measurement 
temperature also has an effect on the relative complex permittivity of polar materials. For the 
case of fires where particles are reaching significantly high internal temperatures thermal 
effects should be considered. However, in a practical case where the particles are interacting 
with an electromagnetic field some distance above a fire the influence of temperature 
dependency can be neglected. The Results of the measured relative complex permittivity for 
the three eucalypt and the single wattle species at X-Band are illustrated in Fig.  99, Fig.  100, 
Fig.  101 and Fig.  102. The relative complex permittivity has been displayed here at 10 GHz 
only as the response is close to linear over the entire band.  
Demonstrated by the measurements is the remarkable similarity between all species 
measured given the small population of samples. The permittivity of the eucalypt specimens 
are shown to be identical under all temperature conditions. The wattle is also very similar 
however its initial permittivity is slightly higher than the eucalypt. The loss tangents do show 
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From this analysis it is suggested that interacting electric fields are primarily seeing a lossy 
carbonised material. They are not showing any distinct deviations due to changes in the 
molecular chemical composition, which occur during the decomposition of the biomass. The 
plateau of the relative complex permittivity in all samples at 400°C is most likely the result of 
the larger saturation level, as illustrated in the absorption characterisation in Fig.  61. It is not 
likely to be present in a moisture deficient sample.  
The question now arises as to what happens to the relative complex permittivity of the 
biomass samples at smaller wavelengths. Transitioning to smaller waveguides introduces a 
number of new complexities. These include poorer calibrations due to tolerances in mating 
flanges and the ability to cut samples accurately to fit inside small waveguide cross-sections. 
As the four species measured at X-Band show extremely similar behaviour, only the 
messmate eucalypt will be measured at Ka-Band. The WR-28 Ka-Band waveguide is 
7.11mm in broad wall length and 3.55mm in short wall length. The analysis frequency of 
38GHz has been extracted from the entire band to give a good indication of the total change 
in the material’s relative complex permittivity from 10GHz. The results of the Ka-Band 
measurements are illustrated in Fig.  103.  
In comparison to the X-Band results, the permittivity shows no significant change. The 
major difference is the loss tangent, which is slightly higher at Ka-Band. These observable 
trends are characteristic of many dispersive dielectric materials.  A model to best describe the 
wideband response of the material can be achieved using a first order Debye model given by 
Eqn. ( 21 ). 
 
ߝ௥ሺ߱ሻ ൌ 	 ߝஶ ൅ ߝ௦ െ ߝஶ1 ൅ ݅߱߬ 
( 21 ) 
Where εr is the relative permittivity, εஶ is the optical permittivity, εs is the static (or DC) 
permittivity, ω is the angular frequency (2πf) and τ is the relaxation time. For example, a 
fitting model for the unburnt biomass gives εஶ~2.25, εs ~ 2.37 and τ having the relaxation 
time of water (~8.27e-3 ns) [167]. This will change at each effective temperature range due to 
the different permittivity values shown. Before an extended model can be created, the 
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4.5 Relative Complex Permittivity of Controlled Ash at High 
Temperatures (> 400 °C) 
 
To gather a complete understanding of the relative complex permittivity of the genera, 
measurements at higher temperatures must be analysed. The relative complex permittivity of 
these higher temperature ash samples is difficult to measure due to the fragility of ash. To 
overcome this issue, ash can be turned into a powder where it is then representative of the 
originating ash structure. The same biomass samples can be placed into a temperature 
controlled oven to create ash at the remaining temperature ranges of 450 °C, 500 °C, 550 °C, 
and 600 °C. As the biomass is known to stabilise in its mass above 450 °C, only two 
temperature ranges will need to be explored to prove this is true, being 450 °C and 500 °C.  
Biomass samples in this case have been collected from ground litter, as there is no 
requirement for the leaves to be planar for the waveguide measurements. Due to the large 
mass loss experienced by the biomass at higher temperatures, a large amount of ground litter 
is required to make a small amount of ash. The resultant ash is turned into a powder where it 
is then compressed into a waveguide sample holder and measured at the required frequency 
bands.  
Ash created under these high effective exposed temperatures is highly porous by nature. 
Once the ash has been turned into a powder there is the introduction of compaction; which 
has a direct effect on the porosity or volume fraction of the measurements inside a 
waveguide. For example, the more ash that can be compacted into a sample holder the higher 
the effective permittivity becomes due to the field interacting with more material. To extract 
an approximate value of the permittivity of an ash particle exposed to each of the effective 
temperature ranges, the porosity (or volume fraction) of the ash particle must be known. Once 
this is known, the powdered ash can be sampled at different volume fractions and an 
approximation of the effective permittivity can be extracted. This extraction cannot be 
assumed to be linear as the response of powdered materials has been shown to be non-linear 
and is dependent on particle geometry on the macroscopic level [149-151, 153-156, 171-
176]. The measured permittivity values as different volume fraction must then be fitted to 
what is termed a mixing law which describes the non-linearity extremely accurately over 
those measured volume fractions. This model is only valid over low volume fractions which 
are suitable for application in describing ash.  
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4.5.1 Unified Mixing Law Semi-Empirical Modelling of Powdered Ash at 
X-Band and Ka-Band 
 
To investigate the relative complex permittivity of ash at higher temperatures, as well as 
the effects of natural atmospheric moisture absorption, several heating tests were undertaken. 
In separate incidences, messmate eucalypt and blackwood wattle samples were exposed to 
the specific temperatures of 450 °C and 500 °C. Messmate eucalypt ash underwent a third 
investigation at 1000 °C.  
In section 3.7.4 it was shown that the expected bulk density for both the messmate 
eucalypt and blackwood wattle is expected to be in the order of 0.06 g/cm3. In this case, it is 
important to try and measure the equivalent bulk density within a waveguide. Through trial 
and error it was found that this amount of ash could not be physically held within the 
waveguide section. Here, the bulk density is too low to remain within the rectangular shape. 
The bulk density within a waveguide for which the ash will stay in position and be self-
supported is approximately 0.2 g/cm3. By mapping the permittivity at higher bulk density 
values, a good approximation value of the ash at these lower bulk density values can be 
made.  
In the same way the controlled biomass samples to 400 °C were prepared, ash at these 
higher temperatures was also prepared. Ground litter leaves of both the messmate and 
blackwood wattle were collected and placed inside a kiln oven at the desired temperatures. 
The resultant ash was then passed through a number of fine meshes to produce a fine powder. 
The resultant powder was then compacted into a waveguide where its mass was recorded. 
Before measurement, samples remained on a hotplate to limit the amount of moisture 
absorption. Samples were measured over X-Band and a single sample at Ka-Band, which 
from the controlled measurements recorded in 4.4.2 is expected to be identical. The resultant 
permittivity and loss tangent against the bulk density is illustrated in Fig.  104 and Fig.  105 
respectively. 
In Fig.  104 the permittivity is shown to have a clear trend with respect to bulk density. 
The two messmate and two wattle samples at 450 °C and 500 °C show extremely similar 
trends, as was expected based on the bulk density trends measured in section 3.7.4 Regarding 
the eucalypt sample, if the relative complex permittivity follows a specific polynomial trend 
based on the volume fraction (fv) of a mixture, this would also suggest that the relative 
complex permittivity is heavily dependent of the bulk density of ash. 
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If this is the case the relative complex permittivity should follows the same trend as the 
bulk and this can be used to predict what the relative complex permittivity of ash will be after 
its ignition point (between 450 °C and 500 °C).  Based on the approximated bulk density 
expected for the ash at 450 °C and 500 °C (as illustrated in Fig.  63), a polynomial 
extrapolation of the trending data can be made. From this polynomial curve the expected 
permittivity for ash is in the region of ε = 1.05. This expected value can be used to judge the 
validity of a generalised relative complex permittivity model to be discussed in section 4.7. 
This is highlighted in Fig.  104 by the dotted line and circle. Again, the ash of the messmate 
biomass exposed to 450 °C at Ka-band (38 GHz) has shown only a slight drop in its 
permittivity, which is to be expected from a weakly dispersive medium. This slight drop in 
the controlled samples was not visible as the samples were extremely thin. The small 
variation over frequency within these thin samples gets lost in measurement noise.  The 
powdered ash here was 2.8 mm thick, thus allowing for the material to interact with an 
electric field for a longer duration. This effectively allows for better sample material 
averaging to take place in the spatial domain. Similar trends are seen in the imaginary 
component of the permittivity described by the loss tangent in Fig.  105. 
The most significant change in the permittivity is seen when ash created at 1000 °C was 
measured. Here, the permittivity significantly dropped away, which from the known mass 
loss trends is also expected. Translating this to the permittivity for an ash particle exposed to 
this temperature range, there is little expected change. Projecting the bulk density into this 
range, it is estimated to be in the order of ε ~ 1.01-1.02. A comparison between naturally 
saturated ash and the dry ash exposed at 1000 °C has also been made. Here, a 2.51% (by 
weight) natural saturation level at 1000 °C was measured and shown to have very little effect 
on the overall permittivity. Slight variation in the loss tangent was shown, however; this was 
within the measurement error. 
Expanding on these measurements, the data can now be implemented into the unified 
mixing law. This is achieved by solving Eqn. ( 20. ) for minimum error. The importance of 
the mixing law is to investigate the approximation of the inclusion permittivity and the 
depolarisation factor ‘v’ for each of the samples. The resultant mixing laws for each of the 
samples are illustrated in Fig.  106, Fig.  107, Fig.  108, Fig.  109, Fig.  110 and Fig.  111. 











Fig.  106 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
relative permittivity of messmate eucalypt ash exposed at 450°C (10GHz), average ambient measure temp. 





Fig.  107 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
relative permittivity of messmate eucalypt ash exposed at 500°C (10GHz), average ambient measure temp. 
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Fig.  108 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
relative permittivity of messmate eucalypt ash exposed at 1000°C (10GHz), average ambient measure temp. 





Fig.  109 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
relative permittivity of messmate eucalypt ash exposed at 450°C (38GHz), average ambient measure temp. 
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Fig.  110 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 






Fig.  111 – Measured (‘M’) vs. Theoretical (‘T’) mixing law for both real and imaginary components of the 
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Table 15 : Summary of mixing law results at mid-band frequency (10 GHz) 
Sample Freq. (GHz) v εi real εi imag tan(δ) ρ(g/cc) 
Eucalypt 450°C 10 10.0059 9.38 0.58 0.062 ~2.84 
Eucalypt 450°C 38 10.0054 8.59 0.52 0.060 ~2.84 
Eucalypt 500°C 10 10.0085 9.41 0.63 0.067 ~2.84 
Eucalypt 1000°C 10 10.0515 6.45 0.063 0.01 ~2.84 
Wattle 450°C 10 10.0154 9.95 0.64 0.064 ~2.84 
Wattle 500°C 10 10.005 8.91 0.40 0.046 ~2.84 
 
 
Table 16 : Summary of fitting errors for measurements and mixing model 







Eucalypt 450°C 10 ±0.025 3.60% 1.53% 7.99% 
Eucalypt 450°C 38 ±0.025 2.97% 1.62% 7.39% 
Eucalypt 500°C 10 ±0.025 4.26 % 1.69% 9.64% 
Eucalypt 1000°C 10 ±0.025 1.01% 0.60% 2.26% 
Wattle 450°C 10 ±0.025 3.43% 1.73% 8.20% 
Wattle 500°C 10 ±0.025 5.91% 2.33% 13.40% 
*     Dielectric measurement error from Vector Network Analyser 
§      Maximum percentage error between empirical curve and measured points 
**   Overall average percentage error between empirical curve and measured points 
+     Maximum percentage error between εi and εi determined from each data point for optimal solution 
 
 
As shown in Table 15 both the depolarisation factor ‘v’ and the estimated inclusion 
relative complex permittivity in the 450°C and 500°C samples for both genera are extremely 
similar. The change here is in the high temperature eucalypt sample at Eucalypt 1000°C, 
where the inclusion permittivity is expected to drop to ε = 6.45+j0.063.  
 
 
4.6 Micro Computer Tomography EM Simulations 
 
As discussed in section 0, the inclusion of the relative complex permittivity is paramount 
in accurately determining mixing laws for the ash. Presently, this inclusion or base relative 
complex permittivity has been characterised by optimising the mixing law models for the 
least error. This approach allows for the models to be described accurately for low volume 
fractions, however; at high concentrations this will become invalid as the relative complex 
permittivity becomes more dominant in the mixing law. To investigate the inclusion 
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permittivity of ash, an electromagnetic back-optimisation approach was implemented. Here, 
samples that were prepared as part of the controlled temperature measurements outlined in 
section 4.4.2 were scanned using a microcomputer tomography (MicroCT) technique. The 
cross-section images created after the back projection method were again imported into 
Avizo 6, where they were stitched together to create accurate 3D models of the samples 
internal cell structures.  
These 3D models were then imported into CST Microwave studio and analysed for their 
electromagnetic properties. A total of three models per temperature range up to 400 °C were 
investigated to help identify the effects of variations in the structures on the inclusion relative 
complex permittivity. An example of a 3D model produced from the MicroCT scans of the 
messmate eucalypt can be seen in Fig.  112. Using this approach for investigating the 
inclusion permittivity has one particular advantage, this being the ability to take into account 
the effects of the variable surface structure of the material. The deviation in the porosity of 
measured and MicroCT ash shown in section 3.7.4 will be assumed to fall within an 
acceptable deviation from the median porosity value. 
To achieve the back-optimisation approach, the measured relative complex permittivity 
values were firstly used to create a baseline model. Here, a block of material was assigned the 
same permittivity and thickness as those parameters determined from measurements. The 
values of the measured relative complex permittivity and loss tangent of the biomass samples 
at each exposed temperature range was then assigned to this block of materials and these can 
be observed in Fig.  113. The simulation model takes into account the measured thickness 
used to extract the permittivity in the NWR method, thus giving a full representation of the 
bulk material. The S-Parameters were de-embedded to the thickness of the material and the 
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4.7 A Generalised Fitted Relative Complex Permittivity 
Model for Ash 
 
The measurement of the effective relative complex permittivity of ash has been shown to 
trend with temperature. It has also been demonstrated that this trend is common within the 
same genus and possibly between different genera. With the assumption that this will be the 
case for all carbon-based organic life, a generalised relative complex permittivity model can 
be created. This model, (representative of the change in the relative complex permittivity 
with respect to the effective exposed temperature of the biomass), must also be described 
over a wide bandwidth. Measurements have shown that the real part of the permittivity does 
not significantly change (8 - 12 GHz) to Ka-Band (26.5 – 40 GHz).  
The real part of the relative complex permittivity directly corresponds to the reflectivity of 
a material and is the major contributor to the refractive index (see Appendix A). Conversely, 
the imaginary component represents the loss within the material. Describing the real 
component of the relative complex permittivity is significantly more important than 
describing the imaginary part due to its contribution in defining the reflectivity of a material. 
As shown by the measured loss tangent of the biomass outlined in section 4.4.2, the 
imaginary component has a relatively larger variation compared to the real component. This 
is inherently the result of measuring thin samples, which in the case of biomass is 
unavoidable.  
Furthermore, by definition the relative complex permittivity should follow a similar trend 
to the volume fraction of a material. As shown by the unified mixing law, a reduction in the 
amount of material present within a unit volume will result in a lower overall effective 
permittivity. It has been shown that the bulk density follows a similar trend to that of the 
normalised mass loss curve.  
With the information garnered on bulk density and the approximate solid density of ash 
for amorphous carbon, a volume fraction estimation can be obtained. This has been 
calculated in Eqn. ( 22 ).  
 





( 22 ) 
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As this value will change with respect to bulk density, an expression for the volume 
fraction can be derived. This however, is better suited in relation to the normalised mass loss 
of the material. With the knowledge that bulk density is proportional to the normalised mass 
loss curve, a scale function can be used to model the volume fraction of the biomass. This can 
be achieved using Eqn. ( 23 ). 
 
௙ܸ ൌ ௙ܸమమ°಴ െ ሺ ௙ܸమమ°಴ ∗
݉௡௢௥௠
100 ሻ 
( 23 ) 
 
Once the volume fraction is known for a generalised model, the unified mixing law can be 
implemented to describe the effective permittivity of the biomass at any known effective 
exposed temperature point. To use the mixing law correctly, the inclusion or solid 
permittivity of the ash must be known. This value can be obtained from the back optimisation 
values determined from the MicroCT scans of eucalypt biomass, as demonstrated in section 
4.6. As moisture affects the outcome of those results at higher effective exposed temperature 
ranges, the best representation of the inclusion permittivity can be gained from the unburnt 
sample. Here, the median value obtained from all three of the unburnt back-optimised models 
is given by Eqn. ( 24 ). 
  
ߝ௜మమ°಴ ൌ 	5.75 ൅ 0.574݅ 
( 24 ) 
Furthermore, it is known from the elemental breakdown explored in section 3.7.2 that the 
percentage of elemental carbon remains consistently high up to 400 °C. If it is assumed that 
the inclusion permittivity remains consistent up to 400 °C, the effects of the inclusion 
permittivity may also be extended to higher temperatures. This is a valid assumption, as the 
background medium (in this case air) becomes the dominant mixing medium. The inclusion 
permittivity estimated by the optimised unified mixing law for the uncontrolled case shows 
similar agreement with this assumption, as the real part of the inclusion permittivity was 
estimated to have risen to ε = 6.3.  
Using Eqn. ( 20 ), a generalised effective permittivity based on measured data for ash over 
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Table 17 : RMS Error between measured and unified mixing law to 400°C at 10GHz 
Temp. ( ̊C) *Mixing Law ε’ RMS Error ε” RMS Error 
22 UM 0.038 0.0270 
150 UM 0.164 0.0111 
200 UM 0.147 0.0171 
250 UM 0.138 0.0113 
300 UM 0.262 0.0146 
350 UM 1.642 0.0160 
400 UM 0.160 0.0144 
          *UM – Unified Mixing Law 
 
4.7.1 Generalised Relative Complex Permittivity with Moisture Inclusion 
 
The generalised relative complex permittivity model does not take into consideration the 
effects of moisture. The inclusion of moisture will greatly affect the overall relative complex 
permittivity of the ash due to the high relative complex permittivity of water. The inclusion of 
moisture introduces a number of complexities for which mixing laws need to model. There 
are four areas identified within ash where these complexities may cause issues with common 
dielectric mixing laws [153-156, 168, 177-185]. The first relates to the treatment of the 
particles geometry within ash, the second and third relate to the interaction of free water and 
bound water respectively, while the final complexity deals with the interaction of residual 
salts within the ash (i.e. NaCl, KCl) which can be greater than 1% w/w in some species [84-
91].  
The structure of ash, demonstrated by its large depolarization factor ‘v’, cannot be 
considered spherical in nature. Furthermore, the effects on the depolarized state of the ash is 
expected to change with the inclusion of water. This can be explained by considering where 
the water will consolidate inside the remanent cell structure of the ash. At low moisture 
contents it is expected that water will form on or inside the ash structures effectively 
increasing their permittivity. At these low moisture contents a similar depolarized state to that 
of the dry case should be seen (i.e. v~10). Once the moisture content has saturated the ash it 
can be hypothesized that small regions of pure water begin to form between neighbouring 
particles. Due to the high surface tension properties of water these are likely to be partly 
spherical like in nature. Thus it is likely the depolarisation state to transition to a smaller 
number as the amount of water is increased. Finally, the case arises when the mixture is 
completely saturated with a water/ash mixture. Under this condition the effects of moisture 
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the relaxation factor significantly alters the complex permittivity of bound water to that of 
free water. However, the fundamental forces causing the interactions of bound water within 
different materials is still being developed [168, 177-185]. The existence of bound water in 
soil for example has been noted to be stronger in clay compared to sand and silt [183]. Also 
linked to bound water is the inclusion of salts which become dissolved solids that directly 
increase the imaginary component of free water. The dissolved ions will also have weak 
hydrogen bonds to surrounding water molecules. 
As little is still known about the cause of the complex permittivity of ash on an atomic 
scale, a fully descriptive mixing law cannot be implemented. However, using an empirical 
based approach we can correct mixing laws for the response of a material with the inclusion 
of water. Two mixing laws have been analysed for their performance in predicting the trend 
of water inclusion in ash. These mixing laws include a substitute unified mixing law, and a 
multi-phase Maxwell-Garnett mixing law (see Eqn. ( 26 )). Implementation of more advance 
four phase mixing laws such as the Maxwell-De-Loor mixing law (see Eqn. ( 27 )) will be 
left for future analysis when sufficient knowledge on weather bound water is applicable to 
ash and to what degree is known [168, 177-185] 
 
ߝ௘௙௙ െ ߝ௘






( 26 ) 
 
ߝ௘௙௙ ൌ 	3ߝ௦ ൅ 2
ሺ ௪݂ െ ௕݂௪ሻሺߝ௪ െ ߝ௕௪ሻ ൅ 2 ௕݂௪ሺߝ௕௪ െ ߝ௦ሻ ൅ 2ሺ݊ െ ௪݂ሻሺߝ௘ െ ߝ௦ሻ
3 ൅ ቀ ߝ௘ߝ௕௪ െ 1ቁ ൅ ௕݂௪ ቀ
ߝ௦ߝ௕௪ െ 1ቁ ൅ ሺ݊ െ ௩݂ሻ ቀ
ߝ௦ߝ௘ െ 1ቁ
 
( 27 ) 
 
In the multiphase Maxwell-Garnett mixing law given in Eqn. ( 26 ) εeff is the effective 
permittivity of the mixture, εe is the permittivity of the host material (air), εi,n is the complex 
permittivity of the nth inclusion material (ash, water, etc.) and fv is the volume faction of the 
nth inclusion material. In the Maxwell-De-Loor mixing law given in Eqn. ( 27 ) εs is the solid 
inclusion permittivity (ash), εw permittivity of water, εbw permittivity of bound water, εa 
permittivity of air, fv is the volume fraction of air, fw is the volume fraction of water, fbw is the 
volume fraction of bound water and n is the porosity of the mixture. The form of the 
Maxwell-DeLoor mixing law can be seen to be particularly problematic to solve if the effect 
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of bound water is unknown. Further to this is the inability to treat changes in the 
depolarisation factor in both these mixing laws. 
Many dielectric mixing laws at their heart are polynomial functions, which in many 
materials successfully describe contributions of each of the constituent phases.  
The approach for modelling the ash/water mixture considered here has been to implement 
a second two phase unified mixing law assuming the εeff of the air/ash medium acts as a 
single inclusion material. Mathematically, under a Maxwell-Garnett approach, this leads to an 
incorrect implementation of the mixing law. However, the inclusion of the depolarization 
factor (v) allows for the development of a regression function to correct the slope of the 
unified mixing law to best fit the measured data. For a multiphase mixing law this type of 
correction is not possible as the constituent terms are set with a predetermined depolarised 
state. This approach becomes a semi-empirical mixing law.  
To analyze these effects and to map the response of larger moisture contents within the ash 
samples, a number of permittivity measurements were made using the 1000ºC ash sample.   
The measurement procedure was as follows; powdered ash was dried on a hotplate at 400ºC 
for 30 minutes, the hot ash was them compressed into a waveguide at an arbitrary bulk 
density (in this case σbulk=0.895 g/cm3). These first steps were critical to avoid the re-
absorption of moisture within the sample. To aid in this the sample holder was placed on a 
200ºC hotplate while the permittivity measurements were prepared. Also, by compressing the 
hot ash sample within the sample holder, re-absorption of moisture is restricted to the 
exposed surfaces of the sample. The sample was then taken off the hotplate and its complex 
permittivity measured. Once this measurement was completed, the sample was once again 
weighed to give an indication of the amount of moisture absorbed by the sample.  With some 
trial and error the moisture content was suppressed to 0.42% w/w which forms part of the 
correction procedure for the effective response of the ash.  
Deionized water was added to the sample within the holder to approximately 25.1% w/w. 
The sample was left to completely saturate. Once sufficient time was given to the sample to 
saturate, the permittivity as measured followed by another measurement of its mass. The 
resultant mass loss over the initial saturation period was approximately 4.65%, which forms 
the upper limit of 20.4% w/w for these measurements. Following this, the wet sample was 
then slowly warmed using a low temperature hotplate to remove a small portion of its water 
content. The sample was again placed inside the waveguide and its S-Parameters measured. 
Here, a measurement was only saved once the S-Parameters were stable. The process was 
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The complex permittivity of water used in the mixing analysis was based on the revised 
empirical based Debye model found in Appendix A. The resultant RMS errors for the each 
curve for both the real and imaginary component is given in Table 18. Further to this is the 
RMS error for the equivalent multiphase Maxwell-Garnett mixing law. The empirically 
determined regression curve for v shows very good agreement with the real component of the 
measured data. 
Table 18 : RMS Error between measured and unified mixing law with moisture 
Temp. ( ̊C) *Mixing Law ε’ RMS Error ε” RMS Error 
61.8+31.1i UM, v=3 5.14 1.86 
61.8+31.1i UM, v=5 4.68 2.61 
61.8+31.1i UM, v=10 8.17 5.72 
61.8+36.1i UM, v=3 5.08 1.61 
61.8+31.1i UM v(fv) 1.82 2.42 
61.8+31.1i MG-3P 3.50 9.73 
                      *UM – Unified Mixing Law 
                      *MG – Maxwell-Garnett Mixing Law 
 
There is a slight discrepancy in the imaginary component which is over predicted, 
however it still give the best RMS error for predicting the complete complex response.  
It is evident from the analysis of the different values of v that the depolarization state of 
the ash particle still influences the field displacement over the full volume fraction range. 
This is particularly highlighted in the RMS error for the three phase Maxwell Garnett mixing 
law (MG-3P) which poorly described the ash. The regression described the real component of 
the ash well however there is a small divergence in the imaginary part. From the analysis of 
the different depolarization factors the best fit was achieved with a slightly conductive water 
content with a depolarization factor v=3. The discrepancy between the desired v for the real 
and the imaginary may be an indication that the bound water or other physical attribute of the 
ash/water mixture are changing the displacement of the internal field. There effects are 
outside of the scope of this dissertation and will need further investigation to understand the 
true physical interactions on the atomic level. Finally, the analysis of the effects of constant 
moisture content on the complex permittivity as predicted from the substituted unified mixing 
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This chapter has focused on exploring the complex permittivity of ash with respect to the 
effective exposed temperature. It has provided an in-depth understanding of both controlled 
and uncontrolled samples, which has aimed to bridge some of the gaps present in the current 
knowledge. It was demonstrated that ash produced under controlled temperatures (from both 
the eucalypt and acacia genera) displays identical effective complex permittivity at X-Band 
frequencies. Using the eucalypt genus as an example, the complex permittivity of the 
controlled samples was also extracted up to Ka-Band.  The response of the material between 
X-Band and Ka-Band was shown to be quite linear. The most noticeable discrepancy over the 
two frequency bands was that the loss tangent which slightly increased at the higher 
frequency bands. To understand the average complex permittivity, further investigations were 
made using uncontrolled samples to extract a value for the average complex permittivity of 
powdered ash. The linearity of the complex permittivity over frequency was again 
demonstrated. It was shown here that although the material acts in a similar way under 
controlled conditions, the flammability of the material begins to play a major role in the final 
effective complex permittivity.  
Taking into account the volume fraction of the ash, it was also shown using the unified 
mixing law that the smaller constituents of ash all act identically between many types of 
genera. The depolarisation factor from the measured effective complex permittivity was 
found to be approximated by v = 10. This was the case for all six genera tested. The cause of 
the higher than normal depolarisation factor was attributed to the remanent cell structures 
present within biomass. This forms ash with more planar-type structures. The planar-type 
structures, along with cylindrical and spheroidal-shaped particles combine to give a more 
linear response than a pure, spheroidal-type mixing law such as Maxwell-Garnett. The 
inclusion permittivity to satisfy the unified mixing law was also extracted. This was checked 
against a back-optimised MicroCT model imported into CST microwave studio.  
The resultant inclusion complex permittivity along with the porosity of ash measured in 
Chapter 3 were then used with the unified mixing law to create a generalised effective 
complex permittivity model. Using an inclusion permittivity of ε = 5.75+0.574i, the mixing 
law created a model that showed good agreement with the controlled effective permittivity 
results. The loss tangent however, was slightly overestimated compared to the measured 
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values. Shifting the inclusion permittivity to ε = 5.75+0.48i provided a much better 
agreement to the measured results.  
An extension of the unified mixing law to include moisture was then implemented. It was 
shown that an inclusion permittivity of up to 30% w/w provided a high permittivity value of 
approximately ε = 21. Similar effective permittivity values were seen in the uncontrolled 
powdered ash samples measured in section 4.5. Within the literature relating to radar 
observations of smoke plumes, specifically those relating to polarimetric measurements [54, 
55], the expected permittivity required to fit the measured reflectivity of the radar has been 
estimated to be in the order of ε=15. Under the given generalised effective complex 
permittivity model with the inclusion of moisture, the realisation of a particle reaching the 
saturation levels required to match this is in the order of 25% w/w. Based on the projected 
absorption rates characterised in section 3.7.3, this will require an absorption time in excess 
of ten minutes in dry conditions (assuming moisture is available.) Currently, there is little 
knowledge on the super-saturation levels of these larger ash particles. Smaller smoke 
particles on the micrometre scale have been measured to be in the order of 1% super-
saturation [68, 69, 123]. It must also be noted that the absorption rate decreases with lower 
effective exposed temperature. 
Finally, colour-matching techniques were used to extract an approximation of the effective 
exposed temperature distribution. The effective temperature distribution can then be used as a 
link to provide knowledge of the effective complex permittivity distribution of ash particle 
arising from bushfires. The peak distribution of the ~4000 ash particles analysed for a 
moderate temperature fire was found to form between 400°C and 450°C, indicating uneven 
heating of the biomass. This is to be expected, as the fire does not contain sufficient heat to 
remove all the carbonaceous components. The formations of the lower effective exposed 
temperature distributions were analysed and found to possibly arise from the partial pyrolysis 
or carbonaceous region formations commonly found during the burning of biomass. To 
further support this hypothesis, a 3D probability distribution function was created 
between/for the effective exposed temperature, projected area and aspect ratio. The smaller 
effective temperature distributions were shown to follow similar trends to PDF’s measured 
for the projected area and aspect ratio characterised in Chapter 3. The formation of smaller 
particles with high carbon content fit with observations of the types of ash created within 
fires. This further highlights that the matching method provides a good approximation of the 
effective exposed temperature.  
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The knowledge gained about ash within this chapter has provided answers to the second, 
third and fourth research questions. The analysis of the biomass has provided a model that 
describes how the permittivity changes between different genera and with respect to the 
energy output of the biomass. The analysis was carried out on the eucalypt and acacia genera 
showing similarities in the complex permittivity against exposed temperature. As these two 
genera form the highest populated plant and tree species within Australia, they provide a 
good fundamental knowledge of how ash from fires will interact with electromagnetic waves. 
Finally, the implementation of the unified mixing law provided a means of accurately 
describing the effective complex permittivity with respect to the effective exposed 
temperature and moisture content.  
With the knowledge gained in Chapters 3 and 4 there is sufficient information to begin 
analysing the reflectivity of ash. Using a number of measurement techniques and simulation 
models, the individual radar cross-section can be extracted. Extending this to the reflectivity, 
simulations can be used to study and isolate the scatter created from ash particles alone. The 
final chapter of this dissertation will be dedicated to understanding some of the fundamental 
scattering properties of ash, both on a particle level and as a dispersed medium.  
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Chapters 3 and 4 of this document presented an extensive investigation of the geometric, 
physical, dynamic and relative complex permittivity values of forest fire ash. The analysis of 
the eucalypt and acacia genera with the inclusion of common species has shown some 
remarkable similarities. Furthermore, the complex behaviour of ash as a material has also 
been highlighted. The in-depth analyses of ash in Chapters 3 and 4 have provided sufficient 
data to begin to analyse the radar cross-section and hence, the reflectivity of ash over a wide 
frequency range (1 - 40GHz). This is essential when defining the expected radar reflectivity 
for radar system design and for the development of an inverse scattering model.  
As observed in various radar recordings of fires, a number of different scattering sources 
co-exist. This chapter will focus on the expected reflectivity of statistically correct ash 
particles as an isolated medium within smoke plumes. It should be noted that observations of 
smoke plumes using weather radar cannot distinguish these individual scattering sources, and 
only the total scattered power in various polarisation schemes can be measured. As part of the 
research roadmap outlined in Fig.  8 , there is sufficient information to identify the expected 
radar cross-section of an individual ash particle. This can be achieved using traditional radar 
cross-section measurement techniques. The measured radar cross-sections of ash may also be 
compared with simulated particles of equivalent cross-section and permittivity, based on the 
proposed generalised model created in Chapter 4.   
The analysis of the individual radar cross-sections of ash particles then leads to the ability 
to analyse the total volumetric reflectivity, as characterised by the research roadmap 
illustrated in Fig.  7 and Fig.  8. The reflectivity can be measured using dynamic cross-section 
Chapter 5 – Radar Cross-Section and Simulation 
182 
 
measurements and simulated to form a fundamental understanding of the scatter for creating 
an inverse model. This dissertation will focus on analysing the reflectivity factor with respect 
to particle concentration. This relationship is important for determining a correlation between 
the amount of biomass consumed within a fire and the resultant reflectivity. Secondary to this 
is the analysis of traditional polarimetric coefficients such as the differential reflectivity, 
linear depolarisation ratio, and co\cross polarisation reflectivity. In the case of planar ash 
particles that form within the eucalypt and acacia genera, their typical descending dynamic 
modes can also be analysed. This is important, as the reflectivity will change based on the 
respective incident angles of a propagating electromagnetic field. The reflectivity can be 
compared to traditional theoretical reflectivity models, such as those used in weather radar for 
analysing precipitation.  
 
5.2 Radar Cross-Section (RCS) Measurements of an Ash 
Particle 
 
The radar cross-section of an object describes its scattering ability towards a radar system. 
Its general definition is given by Eqn. ( 29 ).  
 
ߪ ൌ 4ߨܴଶ |ܧ௦|
ଶ
|ܧ଴|ଶ 
( 29 ) 
 
where R is the one-way range, Es is the scattered electric field strength and E0 is the 
incident field strength. The premise of the RCS relies on two main constituent properties of 
an object, namely its geometric shape and RF material properties (i.e. permittivity and 
permeability). As highlighted in previous chapters, these two properties are related and 
cannot be separated unless a fundamental analysis of each area is conducted. 
There are a number of ways to measure the RCS of an object. These methods vary based 
on the size of a target of interest and measurement capabilities. Traditionally, all free space 
RCS measurements are performed within the far-field. For electrically large objects, this may 
require measurement ranges that are hundreds of meters long to satisfy the general far-field 
definition given by Eqn. ( 30 ).  






( 30 ) 
where Rff is the required far-field range, D is the largest cross-sectional dimension of a 
target or antenna and λ is the corresponding wavelength. The cross-sectional dimension must 
be considered for both the transmit antenna, as well as the object under test due to its 
reflected far-field properties. If the far-field range cannot be achieved in a compact range 
such as an anechoic chamber, then a near-field to far-field transformation is required. This 
conversion can be carried out using microwave imaging techniques such as microwave 
tomography. 
The measurement of RCS can also be achieved using an exact or relative type 
measurement. The exact evaluation of the RCS is achieved by characterising all terms within 
the radar range equation to solve for the radar cross-section (see Appendix A). A relative 
measurement is achieved by analysing the scattering from shapes of known RCS to 
characterise a measurement setup. The RCS of an unknown target is then measured and the 
relative scattering corrected for the measurement setup correction coefficient (k).  
Considering a small target that satisfies the far-field requirement within many compact 
ranges (such as those imposed by ash particles), the limiting far-field length is bound by the 
cross-sectional dimension of the test antenna aperture. In a practical case where wideband 
antennas are employed, these far-field distances are typically some meters in length. 
Therefore, considering the known geometric and RF material properties of ash, the sensitivity 
of the measurement is improved over free space. An alternative means of measuring the RCS 
of a small target can be implemented using a waveguide method. Here, the closed 
environment of the waveguide naturally offers the best signal to noise ratio [186-192]. These 
compact waveguide ranges can also be used to study polarimetric scatter if small targets [186-
192]. 
The measurement of the RCS within a waveguide differs slightly to that of a free-space 
approach. In the case where a VNA is used to measure the S-Parameters, the RCS can be 
calculated based on the S11 parameter. It is also important to understand the power spectral 
density of a waveguide to help clarify the positioning of a target to be measured. This is 
because the power spectral density is not constant over the cross-section of a waveguide. An 
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The sample holder comprising of a small Rohacell foam block with a small patch of 
double-sided tape position on the underside. The tape was used to hold the foam block within 
the waveguide. A second square of double-sided tape was placed on the upper broad wall to 
allow the ash particles being tested to hang vertically under gravity. The sample holder (with 
the inclusion of the Rohacell block and tape) must be incorporated as part of the TRL error 
model. An illustration of the RCS waveguide measurement setup is shown in  Fig.  124. 
Once the TRL calibration is complete, the two ports of the VNA are de-embedded to a 
known reference plane. The magnitude of the S11 as shown in Eqn. ( 31 ) it important RCS of 
an object. The phase has not relation other than providing range information about the 
scattering object. As the ports of the waveguide have been calibrated and de-embedded close 
to the target under test, the phase angle provides not useful information about the RCS of the 
target. Two different sized ash samples were used for measuring the RCS trends of ash with 
respect to the exposed temperatures. The first sample set is labelled as L-Disks, representing 
the large disks of approximately seven millimetres in diameter. The second sample set is 
labelled as M-Disks, which are medium sized disks occupying half of the waveguide’s short 
wall length at 4.70 millimetres. Both diameters were chosen arbitrarily, resulting from the 
available hole-punch sets made. Both samples are illustrated in Fig.  124. Samples were taken 
from dried messmate eucalypt leaves prepared identically to those used in the controlled 
permittivity measurements in Chapter 4. The disks were firstly hole-punched from the dried 
biomass and then exposed to each temperature range. As demonstrated in section 3.7.1 , this 
induces a reduction in both the cross-sectional size of the biomass and the relative complex 
permittivity. The L-Disks after exposure and the resultant measured RCS can be observed in 
Fig.  125. 
The samples were measured at their broadside only (i.e. the orientation with highest 
surface area) facing perpendicular to the traveling E-field as illustrated in Fig.  124. It should 
be noted that the disk structures of the ash significantly reduce in RCS at other orientations 
angles (i.e. when the disk is rotated). Observing images of the exposed disks in Fig.  125, the 
450°C disk is seen to contain some carbonaceous material. At this temperature range, most 
carbonaceous material should be removed. This error is due to the material not evenly heating 
to remove all the carbon content, thus its exposed effective temperature must be corrected. 
Using the image processing technique and colour-matching method, its effective exposed 
temperature has been determined to be approximately 441°C. A comparison between the 
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towards air. This is seen by the large reductions in the scattered field with increases in the 
effective exposed temperature. 
The chosen disk areas closely represent those ash particle which have been shown to exist 
in open fires. Here, they form a smaller concentration of the overall population of ash 
particles expected to be produced from fires. The analysis of both RCS measurements 
demonstrates the low overall RCS of the ash particles.  
The RCS of a disk over a wider frequency range is expected to show a logarithmic shaped 
trend. Due to the limited frequency range of X-Band, the RCS appears quite linear. In both 
cases, the RCS of the L and M-Disks have similar gradients/slopes in reference to the trend of 
the RCS over frequency illustrated in Fig.  125 and Fig.  126. If the RCS is assumed to be 
linear with frequency the gradient of the lines has a mean value of approximately 5.35 over 
all temperature ranges. This shows that the RCS measurements are consistent between the 
two size ranges measured. This gradient along with the projected area of the disks can be 
implemented into a full electromagnetic simulation. There are many different software 
packages available to analyse the RCS of objects of various sizes. Here, CST microwave 
studio (MWS) has been used to simulate the expected RCS of the L and M-Disks. The 
diameter for the disks was measured, whilst the relative complex permittivity was taken from 
the generalised relative complex permittivity model discussed in Chapter 4. If the generalised 
model is to describe the ash correctly, the RCS simulations of the disks along with their 
measured projected area should show good correlation. The aim here is to demonstrate the 
validity of the generalised permittivity model in accurately describing the RCS of ash. The 
effective exposed temperature for the 450 °C disk was used to extract an approximation of its 
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5.2.1 Wideband Simulated Mono-Static 2D Radar Cross-Section of 
Dielectric Disks 
 
Extending the broadside RCS measurements and simulations, a complete 2D description of 
the RCS can be ascertained. Theoretical work on the scattering created from dielectric disks 
has in recent years become important for remote sensing applications. A primary use of such 
models has been the investigation of scattering from wet biomass. Here, the relative complex 
permittivity of living vegetation (such as leaves) has been analysed and applied to thin 
dielectric disks to numerically model the scattering created from living trees [194-198]. This 
modelling forms a fundamental part of interpreting SAR image data. Secondary to this 
modelling of snowflakes which can also be classed as thin dielectric disks. In these cases 
approximation of the RCS has been made using physical optics (PO) which is a common 
technique [196]. Other approaches have investigated Rayleigh, Rayleigh-Gans, Kirchhoff, 
volumetric integral physical optics and volumetric integral equation approximations [194, 
195, 197-199]. This work intends to map the extent of the RCS of ash due to its extremely 
low relative complex permittivity, physical size and required wideband response covered in 
this dissertation. The analyses of dielectric shapes are important in understanding the 
scattering created from many natural mediums. Describing the RCS theoretically imposes 
many challenges, as an electromagnetic wave propagates through the medium. Therefore, a 
theoretical solution must take into account internal reflections and resonances. Analytical 
models are limited to short wave/optical or long wave/Rayleigh approximations due to the 
implementation of a first order Bessel function [198]. All analytical formulations do not 
accurately take into account edge effects of a disk resulting in a higher error at larger incident 
angles. They are also not valid for complex shapes. This has been somewhat overcome by the 
introduction of the numerical volumetric integration equation [199]. In most cases, a method 
of moments (MoM) or equivalent EM solver offers the best solution for complex structures if 
computation time and memory is not important [199]. An analysis of the trend in the RCS 
over a wide frequency band and with respect to changes in their geometric and RF materials 
properties is desirable. It is important from a scattering perspective, to know the expected 
RCS over a wide band as the relationship between wavelength and physical size comes into 
play. In the case of the L-Disk, the diameter is 0.02 λ at 1 GHz, 0.23 λ at 10 GHz, 0.7 λ at 30 
GHz and 0.93 λ at 40 GHz.  The known projected area distributions have further highlighted 
the diversity in ash particle shapes. Here, the wideband response covers regions where a 
Chapter 5 – Radar Cross-Section and Simulation 
193 
 
Rayleigh approximation is valid at low frequencies and where modified physical optics are 
valid at higher frequencies. To gain an understanding of how the RCS trends within the L-
Disks of the eucalypt biomass when exposed to each temperature range, 2D mono-static RCS 
simulations were carried out in CST MWS. The 2D mono-static RCS plots over a frequency 
band of 1 - 40 GHz are illustrated in Fig.  129. The plots have been generated under the 
conditions of horizontal polarisations (σhh) by sweeping the incident angle. Coordinate system 
for the simulation is illustrated in Fig.  124 c). 
There are various important features illustrated in these plots. At low frequencies (typically 
seen below 10 GHz in those disks exposed to low temperatures), the RCS remains constant 
with respect the incident angle (θ). This slowly rises at 500 °C to approximately 20 GHz. This 
band can be modelled effectively using a Rayleigh type scattering approximation however; 
the accuracy will degrade at higher frequencies due to the flatter RCS response of plate 
structure. The next area is illustrated between this Rayleigh region and the formation of the 
first null. Considering the dynamic modes of ash explored within Chapter 3, under the 
fluttering modes this region begins to affect the maximum scatter contributed by each 
particle. This is exacerbated when crossing into the first null, seen to occur between 25 GHz 
and 35 GHz as the exposed temperature increases. In a scenario where vertical pointing radars 
are observing such particles, the scatter contributed from an individual planar ash particle will 
increase steadily with frequency under a fluttering dynamic mode. This is to be expected, as 
the overall scattering amplitude based on the measured standard deviation of the orientation 
angle of planar ash particles from the horizontal plane (as illustrated in Fig.  72 ), falls well 
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Table 20 – 90° Null Locations with Respect to d/ߣ and C/	ߣ ratio 
Temp. °C fnull (GHz) λ (mm) D (mm) D/λ C/λ ~ ka 
22 25.78 11.64 7 1.66 1.89 
150 25.78 11.64 7 1.66 1.88 
200 26.055 11.51 6.9 1.67 1.90 
250 27.018 11.10 6.7 1.66 1.90 
300 27.018 11.10 6.7 1.66 1.91 
350 28.119 10.67 6.5 1.64 1.92 
400 28.67 10.46 6.4 1.63 1.91 
441 31.927 9.34 5.7 1.65 1.92 
500 32.8 9.15 5.6 1.63 1.89 
441 36.055 8.32 5 1.66 1.89 
441 26.06 11.51 7 1.64 1.91 
 
 
5.2.2 Wideband Simulated Mono-Static 2D Radar Cross-Section of an 
Arbitrary Shaped Dielectric Planar Ash Particles 
 
The scattering response of the circular disks has shown good agreement between 
measurement, simulation and theoretical (see Appendix A) approximations. The next step in 
this process is to investigate both the scattering created from an arbitrarily shaped planar 
particle and the effects of multi-dielectric regions. The effects of these planar particles on the 
RCS are mostly related to their resultant reflectivity at higher frequencies. At broadside, it is 
expected that the RCS will show a similar pattern to that of an equivalent elliptical disk. This 
however, will change slightly at larger incident angles. Finally, the effect of multi-dielectric 
regions needs to be investigated to provide an insight into how inhomogeneities influence the 
scattering of fire-generated ash particles. These multi-dielectric regions form when a particle 
is exposed to uneven heating over its volume. This will be discussed further in section 5.2.3. 
Transitioning from the RCS of a particle to analysing the reflectivity of many particles, it is 
important to understand whether ash can be modelled as a homogeneous structure. This plays 
a strong hand in simplifying the scattering problem and also provides an investigation into the 
validity of the assumption that the inhomogeneities can be predicted using the average RGB 
or LAB colour-matching techniques. 
Two ash particles of similar size and of different colour have been selected for analysis. 
Both particles are illustrated in Fig.  132 and despite having distinctly different geometric 
properties, they only differ in their projected area by approximately 2 mm2 The darker, low 
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The resultant RCS for the multi-dielectric ash particle ‘a’ is seen in Fig.  138. The 2D 
pattern is very similar to that seen in the single dielectric model illustrated in Fig.  135. A 
clearer understanding of the differences between the two models has been provided in Fig.  
139. Shown here, the introduction of the multi-dielectric model has a similar simulated 
scattering to an equivalent solid dielectric particle at lower frequencies. The major variations 
in both theta and phi angles and under both polarisations appear at the formation of the nulls. 
These variations are expected due to the sharp roll-off of the scattered magnitude at these 
locations. Overall, the variations do not deviate more than ±6 dB between the two models. 
The low deviation can be attributed to the similarities in the relative complex permittivity 
values of each region. The two highest permittivity values found in section ‘b’ and ‘d’ contain 
the larger surface areas. The smaller areas in sections ‘a’ and ‘c’ do not seem to play a 
significant role in altering the RCS at broadside. However, edge effects between the dielectric 
boundaries will again contribute to the large variation in the null regions. 
In contrast, the high temperature sample ‘b’ has a number of distinct variations that 
increase the overall differential RCS to approximately 3 dB. The higher value can be 
attributed to the relatively large dark region consisting of ‘f’, ‘g’, ‘h’ and ‘i’. There is also a 
large increase in the RCS at broadside between 17.5 GHz and 32.5 GHz, peaking beyond 6 
dB. The nulls are again a source of large error, however; the formation of the second ripple 
peak is less problematic compared to that demonstrated in ash particle ‘a’. Here, the 
difference in the models is almost negligible.  
Considering the differences from a simulation perspective, the introduction of the multi-
dielectric regions does not contribute a significant amount of error in the RCS over many of 
the incident angles and frequency ranges. Accordance in both cases is shown at frequencies 
below 10 GHz. At higher frequencies, more complex modelling is required to achieve a better 
understanding of the scattering phenomena. Here, it has been shown that the location of the 
null is likely to be the highest source of error. It was shown that the null first appears at 40 
GHz, when an ash particle is greater than ~4.54 mm in cross-sectional length. Taking into 
account the known projected area and aspect ratio distribution measured in 3.6.1 and 3.6.2, 
particles of higher cross-sectional length become less and less common. Within a pool of 
potential ash created within a fire, the likely error induced by a single large particle will only 
become significant at a few incident angles. As ash particles are consistently moving in a 
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As the horizontal orientation distributions of both planar and cylindrical ash particles have 
been shown to have standard deviations of 31.98 and 35.84 respectively, any modelled 
reflectivity can only be truly represented statistically. Using a solid dielectric representation 
of the ash may also provide satisfactory scattering approximation if it is assumed that each 
particle will have relatively even heating distribution. Even heating is more likely to occur in 
smaller ash particles due to their relative size. Furthermore, the formation of dielectric regions 
(i.e. areas of different dielectric constants) is in most accounts only applicable to extremely 
large particles. These dielectric regions form due to uneven heating of a biomass materials. 
Illustrated by those examples of particle geometry from six genera in section 3.6.4, multi-
dielectric regions are rarely seen.  
The error within this scattering assumption will always be skewed towards ash particles 
with a higher effective exposed temperature. This causes the scattering to be under-predicted 
at higher frequencies.  
Moving towards the modelling of the reflectivity of ash, the simplification of each ash 
model using an effective solid equivalent will provide a satisfactory outcome. It should also 
be noted creating and implementing a statistical model which can describe a multi-dielectric 
ash particle is near impossible in a simulation environment. This is because there are an 
infinite number of possible combinations of both localised areas and relative complex 
permittivity values.  
The geometry can be further simplified, as the cross-sectional length determined by the 
aspect ratio and the projected area distributions is all that is required to form a reasonable 
scattering model. The analysis of the RCS of ash has provided a good characterisation of how 
ash particles are expected to interact with electric fields. The generalised permittivity model 
has again shown good correlation with the broadside RCS measured data. Simulated particle 
analysis has provided an insight into the complex scattered fields expected from planar ash 
particles. This has provided an in-depth analysis for applying the simulation models and for 
understanding the reflectivity of multiple ash particles.  
The reflectivity outlined in the research roadmap (see section 2.5.2) is the final stage of 
analysis in this dissertation. The collected statistical data can now be correlated to analyse a 









5.3 Relative Complex Permittivity Distribution of Ash 
Created from Fires 
 
In Chapter 3, it was shown that there is a large variation in the types of ash particles being 
produced in open fires. Little correlation was found between the remnant ash particles being 
produced within a fire and the equivalent flame temperature. To define the total scattering 
from a dispersed medium such as ash, the contributions of each ash particle must be known. 
The flame temperature cannot deliver enough detail about ash to provide a sufficient 
understanding of its total scatter. It then becomes apparent from the definition of the 
reflectivity that both the geometric properties and relative complex permittivity on a particle-
by-particle basis must be known. Mapping of the relative complex permittivity of the ash 
under controlled temperature conditions only provides knowledge of how biomass acts as a 
material. Illustrated by the open fire tests in Chapter 3 and the complex permittivity analysis 
in chapter 4, ash has various RF properties based on their individual exposed temperature. 
Due to the fluidic nature of fires temperatures of the flaming region vary from area to area 
with time. Thus, a fire is likely to create a distribution of particle properties with variations in 
their relative complex permittivity values and hence their scattering properties. This is not so 
apparent in traditional precipitation reflectivity modelling.  
Further adding to the complexity of the reflectivity of ash is a unique case where each 
particle may possess different relative complex permittivity regions. This is to say that an ash 
particle created from a fire in uncontrolled conditions is inhomogeneous in nature. 
Furthermore, due to the way cell structures in all plant and tree species are arranged in the 
thickness plane, it is likely that the material will also be slightly anisotropic in nature. To 
investigate this anisotropic property is extremely difficult due to the small, cross-sectional 
thicknesses present within biomass. Ideally, the same sample should be measured in both 
directions to identify the anisotropic behaviour. In reality, this can only be achieved using a 
micrometre-sized coaxial transmission/reflection method. The relative complex permittivity 
of the material along the area plane may however, be extracted using a microstrip 
transmission/reflection method. Here, the biomass is laid on top of a microstrip and calibrated 
using a TRL calibration. As the biomass changes the impedance of the microstrip, the 
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concentrations of particles within a finite volume, this will have little if any effect on the 
overall scatter. This becomes apparent when considering that the relative complex 
permittivity will naturally deviate around the median values used to describe the generalised 
permittivity model, which is a result of the inhomogeneities of the cell structures. An analysis 
of the radar cross-section of ash assumed to have a constant effective permittivity and multi-
dielectric regions will be fundamentally explored in section 5.2.  
The question then arises of how one may determine a probability distribution function for 
the particle being produced within fire. Looking at traditional precipitation measurements, 
rain can be characterised simply by assuming that the permittivity of each raindrop remains 
the same under constant temperature and pressure. For ash particles ejected into the 
atmosphere, this is not the case. Considering the normalised mass loss curves measured in 
section 3.7.1, the biomass (in the case of the eucalypt and acacia genera) will only 
effectively burn until all of its volatile compounds have been expelled. In the case of low 
intensity fires, the median particle temperature will fall somewhere below 450 °C, while a 
high intensity fire may shift the median value above 450 °C. This is however, a simplified 
realisation of the expected distribution of ash particles produced within fires. A more in-depth 
investigation is required, as it does not take into account what effects the thermodynamic 
cycle has on carrying unburnt or partially burnt structures into the atmosphere. These unburnt 
or partially burnt structures have been well documented and are the primary cause of spotting 
fires.  
As demonstrated within chapter 4, the effective exposed temperature distribution of ash 
particles can provide a direct correlation to their effective relative complex permittivity. It has 
also been shown that the colour of ash provides a direct correlation to its exposed 
temperature. This has typically been used to correlate the severity of fires to soil conditions, 
such as [78, 110, 112, 200]. If it is assumed that the average colour of each ash particle 
represents the average exposed temperature, an effective relative complex permittivity 
distribution can be extracted using the image processing method outlined in Appendix C. To 
achieve this, colour-matching techniques can be implemented where the average pixel value 
of each ash particle can be matched to a predefined colour model. These colour models for all 
genera explored within this dissertation can be observed in Appendix D. 
Two colour space models were defined for messmate eucalypt and used as part of the 
matching method. These were in RGB and CIELAB colour spaces. The matching models 
were created by mapping the RGB and LAB colours of the biomass at the designated exposed 
temperature ranges up to 600 °C. Ash samples were obtained by collecting ground litter and 
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placing it within the linear burn chamber. A number of samples were prepared and burnt 
under similar conditions (800 °C - 900 °C flame temp), where the flying ash collected on the 
mesh screens were scanned at high resolution and processed using the image processing 
technique. More than four thousand ash particles were collected and scanned to form part of 
the analysis. These were the same particles used to create the statistical distributions in 
Chapter 3.  
Four common colour-matching techniques (two for RGB colour space and two for LAB 
colour space) were explored [201-204]. The best RGB colour space-matching technique was 
found to be that which was based on an intensity Euclidean vector system (ΔIrgb) (see Eqn. ( 
32 ) showing the lowest error distribution.  
 
∆ܫ௥௚௕ ൌ ට∆ܫ௥ଶ ൅ ∆ܫ௚ଶ ൅ ∆ܫ௕ଶ 
( 32 ) 
 
The best LAB-based colour matching method was founded on the CIEDE2000 algorithm 
(ΔE*00) [203]. Investigating the distribution using two colour spaces offers the advantage of 
independent validation of the PDF. If the PDFs in both colour spaces show similar 
distributions, confidence may be afforded in the colour-matching technique. The exposed 
temperature distributions for the best RGB and LAB matching methods are illustrated in Fig.  
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Fig.  145 – Box-plot of the error distribution for the two best colour matching methods used to approximate the 
exposed temperature PDF’s. 
 
The higher errors associated with the CIEDE2000 are a result of this extra dimensional 
parameter, which compounds the matching error. After extensive testing, the CIEDE2000 
matching method has been shown to give exceptional matching performance over a wider 
range of variable colour inputs [203]. 
The PDF’s realistic results, especially with the median of the main distribution falling 
close to the 450 °C point. To find relative effective relative complex permittivity of the 
distribution, one can simply substitute the generalised effective permittivity model illustrated 
in Fig.  116 and Fig.  117 for the ΔE*00 effective exposed temperature distribution. 
 
5.3.1 Coupling between Particle Projected Area and Effective Exposed 
Temperature. 
 
To further analyse the temperature distribution and understand what effects this may or may 
not have on the geometric properties of ash particles, a statistical correlation can now be 
investigated. This correlation is required to provide information on whether there is any 
unexpected skew in the area or aspect ratio distributions with respect to ash particles forming 
at specific exposed temperature ranges. For example, if larger particles are forming at lower 
effective exposed temperatures, this indicates that the biomass was not burnt efficiently 
within the burn chamber. Alternatively, if smaller particles make up this majority at lower 
temperatures this may be an indication that these smaller particles are forming in the core of 
larger biomass structures. When disturbed by updrafts caused by the thermodynamic cycles, 
these carbonaceous regions may break away forming ash particles with higher carbon content 
and thus permittivity. Furthermore, if smaller regions are formed in low, localised oxygen 
conditions, the biomass may also undergo a partial form of pyrolysis where the structure will 
remain relatively stable at elevated temperatures. Two examples of the formation of these 
small carbonaceous regions in eucalypt ash have been illustrated in Fig.  146. As depicted, 
these regions are surrounded by areas that have burnt at much higher temperatures and 
consequently have a more fragile structure. 
Taking the exposed temperature distribution (from section 0) along with the respective 
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Illustrated by both the projected area and aspect ratio distributions with respect to the 
effective exposed temperature is a constant representation of the respective distributions 
formed in Chapter 3. The projected areas of ash particles that form at lower temperatures are 
shown to display a generalised pareto-type distribution. This supports the argument that these 
particles are primarily small and could be forming in larger biomass structures. Similarly, the 
overall shape of the particles with regards to aspect ratio is again centred on the same median 
value. At these lower effective exposed temperature ranges, both distributions have less 
spread due to the lower particle count. The main distribution focused between 400°C-450°C 
shows identical properties to those outlined in Chapter 3. The distribution also illustrates that 
a number of larger particles are present within the samples (Area >1mm2). At high microwave 
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5.4 Ash Reflectivity  
 
The analysis of the reflectivity of ash is the final area of investigation for this dissertation. 
The reflectivity as demonstrated in the research roadmap (see section 2.5.2) provides an 
indication of the total scatter given from a number of dispersed ash particles within a known 
volume. Generally, the reflectivity is extracted from this total scatter and normalised to a 
predefined unit volume (i.e. cm3, m3, etc.). 
The complex nature of fires results in a large number of possible scattering scenarios. To 
focus the analysis of this section, only a single scattering scenario will be considered. From 
the knowledge gained within the previous chapters, a good representation of the reflectivity 
of ash produced from a moderate temperature fire can be achieved. Other scenarios require 
further investigation to build a complete scattering framework for ash. These include the 
effects of other scattering sources such as Bragg/clear air scattering, condensation and 
ionisation. Furthermore, a consideration for the possible inclusion of coherent particle scatter 
must be made [65, 66]. 
The analysis of the reflectivity when isolated to the contributions of ash particles cannot be 
conducted by observing the scattering of fires using radar. Here, the total contribution of all 
scattering sources becomes the principle analysis. EM simulations provide the best solution 
for analysing the contributions of the ash particles in the total scatter seen by radar. This holds 
particular importance when observing small fires in their early stages of propagation. The 
influences of the other scattering sources are localised to small flaming. In practical 
applications, radars observing the presence of small fires will do so at low grazing angles 
above the ground.  
Before electromagnetic simulations can be carried out, the performance of the EM 
scattering regime needs to be validated. The mono-static RCS is shown to be in accordance 
with ash particles of defined geometry. This can be expanded to investigate the contributions 
of many scattering targets within a volume of space. Measuring the scattering from multiple 
ash sources imposes a number of challenges, including the variability and sensitivity 
requirements of such measurement system. Furthermore, multiple ash particles cannot be 
measured using a static-type arrangement. Here, dynamic RCS measurements must be made 
and along with this, a number of assumptions must be imposed.   
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5.4.1 Measurements of Reflectivity of Eucalypt Disks 
 
Dynamic measurements have long been associated with moving objects [205].  
The development of dynamic RCS measurements imposes challenges such as correlating 
particle scatter to concentration, Doppler effects and the dynamic behaviours of the particles 
within a viewing area.  
It is known form the analysis of the static RCS of disks that the overall reflectivity of dry 
biomass is low. This requires a highly sensitive measurement system to achieve a detectable 
signal. The outlay of the dynamic measurement setup in this case must be constructed inside a 
millimeter wave anechoic chamber to allow for higher sensitivity to the particle scatter. This 
effectively guarantees a drop in the noise floor. The dynamic component of the RCS setup 
arises from the ability to disperse targets within a known volume. This can be done by taking 
advantage of the ascent and descent characteristics of the ash particles. Both represent the 
different behaviours of ash particles typically found within smoke plumes. In a practical 
sense, this can be achieved by either dropping particles or by blowing them upwards through 
an illuminated area.  
To keep the particle within a predefined volume, the descent phase provides the best 
solution. The particles in this case fall due to gravity with a coupling to the fluidic 
interactions provided by the surrounding air. The dynamic scattering of ash particles under 
the descent phase is most likely seen by radar systems observing smoke plumes at distances 
away from the main fire front. This provides a realistic representation of the reflectivity, 
which can be ascertained in a physical measurement system for confirming the agreement in 
reflectivity to simulated data.  
Looking at the known RCS of disks made from ash, it is again unlikely that the use of low 
power lab equipment will provide enough signal-to-noise ratios to observe any significant 
scatter. For this reason, Ka-Band was chosen for this measurement setup to help make the 
measurement more sensitive, based on the hardware available.  
A 3D illustration of the bi-static dynamic RCS measurement setup can be seen in Fig.  
149. The setup consists of four elements: the measurement rig, RF components, motion 
control and a high speed video camera. The measurement rig is an open-sided box that 
contains a paper conveyer belt used to carry the scattering medium. All components are made 
from dielectric material to reduce the possibility of resonant and highly reflective structures. 
The RF components consist of two QuinStar Q-Band (33 - 50 GHz) standard gain horns. The 
typical mid-band gain is 24 dB, with a 3 dB beam width of 12 degs. The bi-static angle 
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between the horns and the focal point was measured to be approximately 7.5°. 3dB scattering 
volume was further estimated to be 10 mm radius by 45 mm, based on observations of the 
dynamic behaviour of the particles.  
The center frequency was originally chosen to be approximately 38 GHz to coincide with 
the permittivity measurements carried out in chapter 4. During the testing phase of the 
systems an operating frequency of 37.4 GHz was finally chosen due to the location of a null 
in its response. This provided an extra few dB in sensitivity for the measurement. 
The range to satisfy the far-field requirement as described in Eqn. ( 30 ) for the setup is 
approximately ~ 0.8 m. The total range length of the measurement structure was designed to 
be 1.0 m. Line of sight surfaces were also lined with RF absorber material to minimize 
reflections. The RCS setup utilized a signal generator and spectrum analyzer instead of a 
VNA to improve the dynamic range and further increase sensitivity.  
The motion control consisted of an Arcus Technologies PMX stepper controller and a 
NEMA 17 stepper motor. These were all programmed through MATLAB along with GPIB 
control over the signal generator and spectrum analyser. Finally, a high-speed 240 fps video 
camera was placed inside the chamber to observe the falling particles. The video data was 
synced to the measured reflectivity and then image processed frame by frame. The intent here 
was to correlate the number of falling particles present within the scattering volume to the 
measured reflectivity.  
It has been shown that the relative complex permittivity of the ash follows a predefined 
trend. The measurement of the reflectivity in this case has been designed to ascertain the 
validity of simulated data. To do so, a number of controls were imposed on the measurement 
domain. Using ash collected from open fires or a burn chamber for example, allows for too 
many unknown variables. As the RCS of a particle relates largely to its geometric shape and 
RF material properties, controlling these parameters is essential. In a similar fashion to the 
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The setup was calibrated using standard shapes of known RCS. These shapes comprised of 
three aluminum disks of diameters 20 mm, 30 mm and 100 mm, which were aligned and 
measured with the setup.  
The mean difference between the known RCS of the disks to the corresponding received 
power was -39.36 dB ±0.35 dB. The corresponding measured noise floor represented a 
minimum sensitivity of ~-37.65 dBsm ±0.35 dBsm, or that equivalent to a thin aluminum disk 
measured at broadside of 6.55 mm approximate diameter. A Ka-band pre-amp was also 
included on the transmit end. The maximum transmit power at horns was measured to be 
11.96 dBm.  
The measurement procedure began by initiating the signal generator that conducted a 
measurement sweep of 601 data points. Following this was the initiation of the stepper motor. 
The measured data consisted of five noise measurements that included the movement of the 
stepper and paper conveyer. After the block of five noise measurements, the scattering 
biomass samples were tested (i.e 5 x noise, 1 x sample. 5 x noise, etc.). The spectrum analyser 
was then instructed to begin recording zero span data at 37.4 GHz. In these measurements, 
the effects of Doppler shift can be neglected as the particles fall perpendicular to the 
propagating incident field. Taking the measured RCS data, the reflectivity can be calculated 
based on the known scattering volume. In this case, it has been determined to be 
approximately 100 mm x 100 mm x 40 mm at the crossing of the beam. The 100 mm length 
and width representing the projected area towards the horns was guided by the paper 
conveyer and knowledge of the beam width. The 40 mm depth dimension was determined by 
measurements. A sample of the equivalent processed reflectivity data of four sample 
measurements is illustrated in Fig.  151. Processing of the return signal included an 
integration filter and a clipping of the returns lower than η=-3.7 dBm2.m-3. The relatively fast 
sampling rate of the spectrum analyser (500 Hz) resulted in a ‘snapshot’ measurement of the 
eucalypt disks transitioning through the illuminating volume. Furthermore, this snapshot view 
can be assumed due to the slow transitioning falling speed of ash explored in section 3.8.2. 
As illustrated, the response of the eucalypt disks is only just above the noise floor, 
however; reflections are distinguishable at each of the biomass sample numbers (i.e. 6, 12, 18, 
and 24). Taking advantage of the high-speed video data, a correlation can be made between 
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comparing simulations to measured results. For example, the simulated data at a 
concentration of ~25 g/m3  shows quite a large variance in the expected scattering field. Here, 
the same number of particles within the same simulated scattering volumes can be expected 
to return a reflectivity from -5 dBm2.m-3 to -24 dBm2.m-3. As the highest reflectivity here is -5 
dBm2.m-3 and the given noise floor is -4.24±0.35 dBm2.m-3 no scatter should be observed 
from this concentration level. This is seen to be the case in Fig.  152. On the other hand at a 
concentration of ~140 g/m3 the variance of the scattering field is expected to fall between ~1 
dBm2/dBm-3 to -14.5 dBm2.m-3. In this case the upper end of the simulated deviation has a 
higher probability of being detectable at the receiving antenna of the setup. This does not 
mean that dropping particle with a combined concentration of ~140 g/m3 will always be 
visible. 
Scatter above the minimum detectable reflectivity of ηvv = -4.24±0.35 dBm2.m-3 is shown 
to be in accordance with the statistical variance seen in the simulated results. The rise and fall 
seen in the simulated data is a consequence of the bi-static antenna arrangement. This rise and 
fall is a consequence of changes to the reflected scattered far-field radiation pattern of the 
particles. As the number of particles increases within a volume, the scattered field will 
increase in intensity. A consequence of this increase in the field intensity is an increase in the 
directionality of the reflected field. This effect is similar to that seen when measuring the 
RCS of a plate while increasing its cross-sectional area. In the case of ash, however: the 
scattering is purely incoherent. In this case due to the bi-static arrangements the first 
scattering null begins to influence the received power at a particular particle concentration 
level. Here, this is seen to occurs somewhere around a particle concentration of ~140 g/m3. 
After this concentration level the variance of the received power is seen to drop due to the 
interacting null. With consideration given to the variance of the scattering data, the measured 
data is seen to be detectable above the noise floor in its expected range. This gives some 
confidence in the correlation between measured and simulated data under dynamic 
conditions. To confirm the lower portion of the simulated scattering variance which falls 
below the noise floor, the measurement setup requires higher gain antennas and high power 
amplifiers. This however, can also be solved by using a mono-static measurement system 
which was not achievable here. In the case where a mono-static arrangement is used the 
received power will continue to increase with particle concentration [63].  
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5.5  Reflectivity Simulations 
 
The statistical distributions measured for the messmate eucalypt ash provide sufficient 
information to simulate their radar reflectivity. It should be noted that without extensive radar 
measurements to quantify the concentration of particles to reflectivity, a full understanding of 
the scattering field cannot be obtained. This said, even correlating the particle concentration 
to measurements of scattering using radar introduces its own complexities. It has been shown 
that ash contains many different geometrical shapes, has changing relative complex 
permittivity with effective exposed temperature and will display up to three different dynamic 
modes. For large crowning fires for example, it is common for spotting fires to be started 
hundreds of metres ahead of the main fire front. These are caused by large pieces of burning 
debris (such a bark) being displaced by the huge thermal updrafts. These events although rare, 
are not impossible and are difficult to account for in both modelling and measurements.  
As the scope of particle scatter is wide, accommodating every aspect of such complex 
phenomena cannot be achieved. To limit the scope within this section, only particles created 
from moderate temperature fires will be discussed. This will further be limited to the eucalypt 
ash created from leaves. It should be noted that the statistical distribution measured about ash 
will not change with the exception of the effective exposed temperature distribution explored 
in section 0. 
Using the generalised permittivity model, good agreement has been made in describing the 
individual radar cross-sections of ash particles using CST MWS. Applying this to studying 
the reflectivity of un-burnt biomass disks in the previous section, accordance between 
measured and simulated data has been demonstrated.  
This section will discuss the formation of a complex simulation framework using both 
CST MWS and MATLAB. It will then analyse the results of the simulated reflectivity under a 
number of different states. Investigations into the reflectivity under two of the dynamic 
particle modes have been considered. The first is the fluttering mode seen during the descent 
phase, and the second is the chaotic or random mode seen during the ascent phase. The 




Chapter 5 – Radar Cross-Section and Simulation 
226 
 
5.5.1 Simulation Framework 
 
Modelling of the reflectivity of dispersed mediums in recent years has shifted towards 
using a full EM solution due to the wide spread success of commercial EM codes. 
Traditionally, theoretical modelling of the reflectivity is limited to numerical or analytical 
approximations. These approximations assume a constant effective permittivity for each 
particle and a generalised geometric model is almost always implemented to simplify the 
scattering problem. These models are also generally limited to the Rayleigh region, which 
restricts their domain to frequencies below X-Band in most general cases. As the theme of the 
dissertation has been to investigate the properties of ash into Ka-Band, these models cannot 
be implemented as a means for accurately describing the expected reflectivity over wide 
bands.  
As shown by the RCS modelling of an individual ash particle, the formation of nulls of 
randomly shaped particles differs from that of disks. This is the result of edge effects, which 
are not taken into consideration. This becomes critical when trying to describe ash under its 
three dynamic modes. Here, in the case of planar particles that display the fluttering mode, 
radars observing these particles at low grazing angles will see dominant scatter from edge 
effects. The contribution of these edge effects has been shown to become significant when 
moving towards millimetre wave bands.  
As CST MWS has shown promising results in describing the scattering of the ash, it will 
be used here to simulate its reflectivity. Aiding in the development of a simulation framework 
is CST MWS controllability over an OLE (Object Linking and Embedding) server using 
visual basic (VB) commands. This allows for CST MWS to be driven externally through its 
extensive VB libraries using other programming languages. Here, MATLAB has been chosen 
as the primary programming environment to control CST MWS. The rationale behind using 
MATLAB comes about from its powerful statistical libraries, which are far superior to the 
native VB language in CST MWS. 
Presented in Fig.  153 is a simplified block diagram for the MATLAB - CST-MWS 
simulation framework. The first requirement for the simulation framework is the user input 
limits. This includes the statistical probability distribution functions, imposed limits to the 
geometrical size of the particle, scatter volume, dynamic modes and frequency ranges. The 
simulation routine begins by an OLE handshake to initiate control. MATLAB begins a new 
CST MWS session, which sets up the simulation environment MATLAB begins a new CST 
MWS session which sets up the simulation environment (i.e. simulation frequency range, 
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units, background medium, scatter volume and boundary conditions). The next routine 
generates a single particle using the statistical PDF’s. This is defined by generating a random 
three to ten point normalised polygon curve representation of a particle. This particle is then 
stretched, based on the required aspect ratio PDF. Following this, the particle is then scaled to 
meet the required area PDF value. Both the aspect ratio and area PDF are generated using a 
skewed random number generator within MATLAB. The curve representing a 2D ash particle 
is then extruded into the third dimension using the thickness PDF. Finally, the particle is 
designated an effective temperature determined by the effective temperature distribution 
outlined in section 0. This is then used to designate the effective permittivity of the particle 
based on the generalised permittivity models described in section 0.  
Before this information is supplied to CST MWS to build the particle, the scatter volume is 
defined by a cube assigned the properties of lossless air (i.e ε = 1.00059 + i0). This is only 
carried out on the first iteration. The particle is generated, translated, rotated and inserted 
within the defined scatter volume. The translation and rotation defining the six degrees of 
freedom for the particle are used to describe their dynamic modes. Here, the translation and 
rotation are both generated randomly for the ascent phase or in the case of the tumbling and 
fluttering modes, in the descent phase using a skewed normal PDF based on the measured 
orientation angle in section 3.8.2.  
The generated information about the ash particle is then exported from MATLAB to an 
excel spread sheet. This provides a full record of the particle’s geometry, position within the 
scattering volume, RF and physical material properties (i.e. volume, mass, effective 
temperature, etc).  
The simulation has two options, which include a bulk S-Parameter simulation that can be 
used to determine the effective relative complex permittivity of the scattering volume. Also 
included is a plane wave simulation used extensively for the extraction of scattering 
information. The plane wave is used to simulate both horizontal and vertical polarisations, as 
well as different incident angles. Cross-polarisation information is also extracted from the 
plane wave simulations. 
To simulate the scattering over a wide range of frequencies, only the transient solver can 
be used effectively within CST MWS. This is because a frequency domain solution is 
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At the completion of the simulation, the total RCS was extracted from CST-MWS. These 
results were then taken and divided by the pre-determined scattering volume to determine the 
reflectivity factor as described by Eqn. ( 65 ) found in Appendix A. This was carried out for 
both co and cross polarisation components. Illustrated in Fig.  154 are geometric examples of 
the modelled ash particles within CST MWS.  
Also shown is the respective location of the elevation angle and polarisation planes used to 
define the different reflectivity data. Simulations have been carried out with the assumption 
that there is little moisture absorption within the particles, thus giving a representation of the 
lowest reflectivity state expected for ash. A total of eighty-five particles (i.e. 170 particle 
total) for both the random, chaotic and fluttering modes were simulated 
 
5.5.2 Simulated Reflectivity Results 
 
The reflectivity of statistically correct ash particles that show geometrically, dynamically 
and electromagnetically correct distributions is presented within this section. The results from 
the CST MWS and MATLAB simulation have been presented in terms of the radar 
reflectivity (η), the differential reflectivity (Zdr=ηvv/ηhh) and cross-polarisation reflectivity 
(ηvh). Here, all three parameters provide a complete representation of the scattering expected 
from ash created from a moderate temperature messmate eucalypt fire.  
The measured effects of temperature on the mass of the eucalypt biomass allow for an 
accurate representation of each ash particle’s mass. This can then be used to extract the total 
particle concentration per unit volume. Information on the reflectivity of the modelled ash 
particles provides a basic understanding of the complex nature of the inverse scattering 
problem. It should also be noted that these results are idealised for the exact dynamic modes 
displayed by the ash particles. In reality, there may be a combination of a number of these 
modes. 
The horizontal reflectivity for the simulation of the messmate ash particles displaying the 
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reflected away from the transmitted signal. In other words, the bulk medium is acting as a 
partially flat reflective surface. The result of this is seen by the dramatic reduction in the 
reflectivity, in the order of 10 dBm2.m-3 at 1 GHz to 30 dBm2.m-3 at 40 GHz.  
The lower frequency bands show almost negligible changes in the reflectivity with respect to 
the 0° and 90° elevation angle cases.  
This is even true up to frequencies as high as 30 GHz. Beyond this frequency range, the 
reflectivity begins to diverge for the two cases to a point where there is an approximate 
10dBm2.m-3 difference in the expected reflectivity at 40 GHz. This divergence is the result of 
the incident field at 90° elevation angle. It is predominantly observing the edge effects of the 
ash particles causing lower overall reflectivity. This was demonstrated when analysing the 
individual RCS of ash in section 5.2.  
The effects of polarisation for the same modelled particles are illustrated by the differential 
reflectivity, as shown in Fig.  156. Here, the effects of polarisation at 0° and 90° elevation 
angles show opposite trends at lower frequencies. As the frequency increases, differences in 
the reflectivity created by orthogonal polarised electromagnetic waves reduce. This reduction 
is likely to be the result of decreasing wavelengths of the incident field, relative to ash particle 
size. The 45° is extremely random in nature, having a high amount of variation. This large 
variation can possibly be explained by the highly dispersive nature of the particle within this 
orientation. In other words, the interacting field is scattered more randomly than the other two 
cases. The simulated distribution of the differential reflectivity at lower frequencies and 
elevation angles is in line with observations made by Melnikov et. al. [54, 55]. Here, the 
differential reflectivity suggests horizontally oriented, needle-shaped particle geometry. This 
is because ash particles displaying the fluttering mode, regardless of their shape (as shown in 
section 3.8.2), will always be horizontally orientated. Also, due to the less than unity aspect 
ratio, planar ash is slightly elongated. 
The random chaotic mode shows a much lower susceptibility to differences in the 
reflectivity for the given polarisations. This is expected, as the mixture of the dispersed ash 
particle should be by definition more homogeneous in nature. In this case, higher dispersion 
is also seen in the differential reflectivity at higher frequencies. These fluctuations are shown 
to be mostly generated from lower concentrations of ash. As more solid material is introduced 
into the scattering volume and the scattering field becomes stronger, the differential 
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Fig.  157 – Cross-polarization reflectivity of messmate eucalypt ash over a wide range of frequencies where a) 
fluttering mode with beam elevation angle at 90°, b) fluttering mode with beam elevation angle at 45°, c) 
fluttering mode with beam elevation angle at 0° and d) random chaotic mode. Concentration (g/m3) of the ash 
particles is represented by the colour of each point. 
 
A comparison can be made between the reflectivity of snowflakes to that of ash particles. 
It is useful in many cases to describe the relative complex permittivity of ash in terms of its 
complex refractive index. The definition of the complex refractive index is given by Eqn. ( 33 
), where n is the real component and k is the imaginary component at each wavelength. 
The relationships between the real and complex components of the relative complex 
permittivity to the respective are given by Eqn. ( 34 ) and Eqn. ( 35 ). This can be solved to 
find the relationship of the relative complex permittivity to the real and imaginary 
components of the complex index of refraction. These are given by Eqn. ( 36 ) and Eqn. ( 37 ), 
respectively. 
 
݉ሺߣሻ ൌ ݊ሺߣሻ െ ݅݇ሺߣሻ 
( 33 ) 
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( 35 ) 
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( 36 ) 
݇ ൌ ඨඥߝ
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2  
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Taking the median value of the effective exposed temperature distribution from section 0, 
the equivalent median relative complex permittivity is ε = 1.3+i0.127. Using Eqn ( 36 ) and 
Eqn. ( 37 ), an equivalent median complex refractive index for eucalypt ash is expected to be 
approximately m = 1.1402 - i0.0056 at X-Band. As shown by the linear response of the 
relative complex permittivity with frequency, this will be similar up to Ka-Band. Considering 
typical values of the refractive index of dry snowflakes, the complex refractive index is only 
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slightly higher in ash [206, 207]. These values are a consequence of the ash maintaining the 
majority of its internal structure once the volatile compounds have been removed at 450 ºC. 
This has been illustrated by scanning electron microscope (SEM) images of ash analysed in 
section 3.6.4.2. 
The concentration of larger ash particles within natural fires is still poorly understood, 
however; they will have the largest effects of the total scattering field. Measurements by 
Radke et. al. suggest ash particle concentrations for the larger particle spectrum concerned 
can range from 10-3cm-3 to 10-7cm-3, with effective diameters ranging between 0.1 mm and 10 
mm [68, 69, 76, 115]. The concentration of these larger particles is however likely to change 
significantly, the further the particles travel from a main fire front. This forms part of the 
answer as to why high reflectivity is always seen at a fire source. The other being that the 
concentration of particles will be generally higher. The simulated reflectivity values thus 
demonstrate an initial analysis into the approximate value for the concentration of these larger 
ash particles from polarimetric measurements. This is key when analysing the inverse 




This chapter has discussed the fundamental scattering characteristics of ash particles. It has 
investigated the radar cross-section of standard geometric disks made of biomass. Accordance 
was shown between measured, simulated and theoretical results. The exploration into the 
RCS of two ash particles created within fires showed that the complex geometry of the 
particles begins to play a substantial role in the scattering above X-Band frequencies. Below 
this range, the particles fit well inside existing Rayleigh-based approximations over all 
incident angles. At Ka-band, it was shown that the formation of nulls is critical in accurately 
analysing the scattering of ash, especially when dynamic modes and incident angles are 
considered. Edge effects will be a dominant player in the scattering of the particles for 
scanning radar systems. Simulations of statistically correct ash particles displaying the three 
ideal dynamic conditions were finally explored. Here, differences in the polarimetric 
coefficients were explored. 
This chapter has added to the body of knowledge by explicitly analysing the fundamental 
scattering mechanisms expected for planar ash particles. These scattering principles are 
critical for developing an inverse scattering model for the eucalypt species, which is the 
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primary genus of interest for Australia. The analysis broadly examines the expected scatter 
over a wire frequency range, which until now has been concentrated primarily at C and S 
Bands. Limited studies have explored X-Band and W-Bands. No observations have currently 
been made at Ka-Band.  
Reviewing the remaining research question, there is no sign of coherent particle scatter 
causing lower frequencies to display higher coherent particle scatter. This is not to say it does 
not exist, however; the analysis has not shown this under static conditions. It is highly 
possible that higher order dynamic interaction is occurring if it can be shown to exist. The 
published data is still in its infancy and so this will only become apparent if a substantial 
number of radar measurements are taken over many different frequency bands. 
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Understanding complex natural phenomena such as bushfires plays a significant role in 
assuring the safety of the wider community. Radar can provide a number of key 
functionalities to complement the suite of existing fire sensing technologies. 
The aim of this dissertation was to investigate some of the principle scattering mechanisms 
behind the reflectivity of smoke plume towards radar systems. Through the use of image 
processing, electromagnetic material characterisation and simulations a complete statistical 
representation of the scattering contributed from ash particulates has been explored over a 
broad range of frequencies. This analysis provides a fundamental background on the 
contribution of ash in scattering electromagnetic fields for use in both radar design and 
inverse scattering models.  
 
6.1.1 Geometric and Dynamic Properties of Ash 
 
The aim of this chapter was to investigate and develop a fundamental understating of the 
geometric, dynamic and physical material characteristics of ash. The analysis was carried out 
for a number of genera which are important to Australia. The shape and size of larger ash 
particles are poorly described in literature. The statistical distributions of larger ash for the 
first time have been presented. It was shown that the reliance on flame temperature as a 
means of determining the properties of ash cannot be assumed. This is because there is too 
much variability in the physical material properties of the ash. This analysis has advanced the 
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body of knowledge by providing the statistical probability distribution functions for many 
types of ash.  
In total eight different plant and tree species were analysed within this dissertation. This 
included two of the most populated genera in Australia; the eucalypt and acacias. Along with 
these two genera, investigations into needle foliage were also analysed with representative 
species from the pinus, cupressus and casuarina genera. With the aid of image processing 
statistical data sets were created which show many similarities between different genera. 
Examples of this were seen between the aspect ratio of eucalypt and acacia genera. Slight 
differences however were established in the projected areas of the particles which were found 
to be the result of the original foliage geometry. Mapping of the normalized mass loss and 
bulk density were also achieved in this chapter which have been shown to directly relate to 
the complex permittivity of the particles. This was confirmed in chapter 4. 
Adding to this analysis was the investigation of the dynamic modes of the ash which have 
been previously unknown. Here, planar and needle shaped particles were analysed from the 
eucalypt and pinus genera respectively. The analysis of the horizontal orientation angle 
demonstrated that ash has a higher standard deviation compared to more symmetrical planar 
particles such as snowflakes. This was found to be the result of the highly asymmetrical 
geometry of the particles. 
 
6.1.2  Complex Permittivity of Ash Particles 
 
This chapter has provided the most significant gains to the body of knowledge. A 
complete map of the complex permittivity was achieved within this chapter. The complex 
permittivity was firstly map under controlled conditions. Here, the measurements were split 
into two effective temperature ranges being sampled at low temperature (unburnt to 400 °C) 
and high temperatures samples (450 °C to 500 °C). The low temperature samples were 
created from leaves exposed to specific temperature ranges using a hot plate. High 
temperature samples were created and their relative complex permittivity measured using 
powdered ash due to the fragility of the particles. In the low temperature samples a trend was 
observed with respect to the effective exposed temperature in four different species. The 
results of which were statistically indistinguishable from each other.  The powdered ash also 
showed similar results with a projection of the expected permittivity and loss tangent made 
based on the bulk density of the biomass. The measured permittivity for the powdered ash 
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from all eight species was shown to follow an empirically derived mixing law where the 
depolarisation ratio was shown to be same under all cases. Uncertainties in the solid density 
of ash were shown to affect the inclusion permittivity required for the mixing law. This 
uncertainty was the result of not being able to remove all voids within the powdered ash. An 
investigation of the base permittivity of the biomass samples were analysed using a MicroCT 
approach. Here, an optimised simulation approach based on 3D models extracted from 
MicroCT were shown to have reasonably good results compared to the base permittivity 
measured in both controlled and uncontrolled samples.  
Finally a method of extracting the permittivity of an individual ash particle based on 
image processing was proposed. It was shown that this method provides a good level of 
agreement with controlled ash particles. Implementing two colour spaces and matching 
methods showed agreement with the measured colour models. These colour models were 
created for all eight species.  
An effective exposed temperature distribution was then created for uncontrolled ash 
particles for a moderate temperature eucalypt fire. The distribution showed that the majority 
of the flying ash created from within the fire had a median effective exposed temperature of 
approximately 425 °C. This effective exposed temperature distribution was correlated to the 
complex permittivity via the proposed generalise permittivity model for ash. This generalised 
model was showed to have excellent agreement with measurements and to explicitly follow 
the normalised mass loss of the biomass. Here, the biomass of the four species samples were 
shown to range from ε = 2.3 to ε = 1.06 at 450 °C. The trend in the permittivity of the burnt 
biomass was shown to be an exponential reduction with increase in effective exposed 
temperature. Beyond 450 °C the permittivity was shown to stabilise only reducing slowly 
with increases in the effective temperature. The proposed image processing technique for 
analysing the effective permittivity of ash has many practical uses in field testing.  
 
6.1.3  Radar Cross-Section and Simulated Reflectivity 
 
The final chapter investigated the radar cross-section and reflectivity of eucalypt biomass. 
The analysis focused on implementing the knowledge gained from the previous chapters. The 
analysis of the RCS of controlled biomass disks were measured using a wave guide method. 
The method was used as a basis for validating simulated data at broadside. There was good 
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agreement between both measured and simulated results where the simulated data considered 
the generalised permittivity model.  
Expanding on the 1D RCS measurements the 2D RCS for the disks was analysed using 
simulated and proven theoretical Kirchhoff method. Again, good agreement between the 
theoretical and simulated data was seen. The most noticeable difference was observed at large 
incident angles where the edge effects of the particles are not accounted for in theoretical 
approximations.  
One of the most complex features to account for in ash was shown to be its 
inhomogeneous and anisotropic material behaviour. In the case of particles formed within 
fires multi-dielectric regions were shown to exist. An analysis was carried out to investigate 
the effects of the assuming generalised effective permittivity for a particle and the 
incorporation of multi-dielectric regions. Here, variations on the order of ±6 dBm2 were 
noted. The larges variation was shown to occur within the formation of nulls at higher 
frequencies. At frequencies below X-Band the results showed excellent results. As the main 
error occurs at higher frequencies and at specific incident angles the model will also provide 
reasonable scattering data up to 40 GHz.  
The reflectivity was then measured for eucalypt disks using a dynamic RCS measurement 
system. This system was housed inside a millimetre wave anechoic chamber and was fully 
PC controlled. The setup dispersed the particles evenly through a specific scattering region. 
The responses of the falling particles displaying the fluttering mode were tracked using a 
240fps video camera. The video stream was then synced to the scattering response measured 
on a spectrum analyser. At locations of high reflectivity the numbers of particles were then 
counted from the video stream. The results of the measured reflectivity were then compared 
to simulated results. Here, the measured reflectivity was shown to have a reasonable 
correlation from the known upper deviation of the simulated data above the measurement 
noise floor.  
Taking the confirmation of the simulated data for the disks a full EM simulation of 
statistically correct planar eucalypt ash particles were explored. This was achieved using a 
CST MWS and MATLAB program. The reflectivity was simulated for a dual polarisation 
state. The simulated data also investigated the effects of the different dynamic modes on the 
reflectivity under a case where the permittivity of the particles was assumed to have little if 
any moisture content. This presented the worst case scenario from a radar scattering 
perspective. This data also provided for the first time a look into the contributions of ash 
particles in the total scattering field. Distinguishable concentration bands were noted in the 
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cross-polarisation response of the models. This provides a good starting point for building an 
inverse scattering model.  
 
6.2 Future Work and Concluding Remarks 
 
Radar as a mature technology provides a capability which on a systems level is extremely 
unique for fire detection and monitoring applications. The known detectable scatter from 
bushfire plumes which have been documented within literature and within this dissertation 
have highlighted the ability of high powered meteorological radars to see fires. This has been 
achieved at extraordinary distances well beyond what is required for a practical system. In the 
case of remote monitoring of forests the implementation of these types of radars are neither 
practical nor viable due to power and infrastructure requirements. Currently there has been no 
investigation into low powered, short range radars for such applications.  
Although radar operating in these bands have seen fire plumes and work is being carried 
out to implement detection algorithms for such platforms (such as [41]), the problem really 
focuses on the end application. For long distance monitoring of fires traditional high powered 
ground based weather radar can satisfy most needs however they will have low sensitivity. In 
essence this will result in the need for fires to be of sufficient size before confirmation of a 
detectable scatter originating from a fire is made. This has been one of the hurtles restricting 
radar used in fire detection and monitoring applications since 1970’s [43]. If the Australian 
Black Saturday fires are used as an example, BoM weather radars were shown in chapter 2 to 
take in excess of 18 min to see the first signs of plume scatter from the Kilmore East fire after 
it started. This amount of time is too long for most practical fire remote sensing applications.  
The next phase of research must focus on testing the viability of low powered wideband 
radar systems. These should focus at higher frequencies such as Ka-Band and W-Bands. The 
trade-off here is detection range however practically this does not need to be extensive. In 
complex terrain where there is limited line-of sight a maximum detectable range in the order 
of 10 - 20 km is more than sufficient. Either way it is recommended these systems have dual-
polarisation capability it has been shown that the extraction of particle concentration is 
possible. 
This research endeavoured to provide a fundamental background of the complexities 
involved in understanding scatter arising from smoke plumes. Focus was given to only scatter 
which arise from particulates only however this is only one small aspect of the total number 
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of scattering sources possible from fires. On the particle level ash has been shown to be an 
inherently complex medium consisting of multi dielectric phases, porosity and shapes.  
Looking at the work carried out within this dissertation only the tip of the iceberg has been 
uncovered. A few areas of suggested future research will now be discussed.  
 
6.2.1 Further Investigation on the Complex Permittivity of Ash 
 
Although the complex permittivity of ash has been extensively reviewed within this 
dissertation it has only be characterised fully for two genera covering four species. The 
uncontrolled powdered ashes of the other genera only give an insight into those permittivity’s 
expected under limited burn conditions. To build on the current knowledge on the complex 
permittivity of ash further analysis is required in to other genera. This for example should 
include species not common to Australia. Particular focus should also be given to the analysis 
of the pinus genus as they are primarily used in forest plantations for soft wood products.  
 
6.2.2 Permittivity Distribution from Bushfires 
 
The analysis of the effective temperature distribution of eucalypt ash provided a means for 
correlating the generalised permittivity of each ash particle. This was achieved in chapter 4 
for particles created within a burn chamber. To further analyse the complex permittivity of 
ash collections must be made from bushfires. This is a complex task as the particles are 
substantially fragile and they must be analysed in their full form to give the correct statistical 
distributions. The image processing techniques explored in this dissertation can be 
implemented to provide further knowledge on the geometric properties of larger ash created 
within fires. 
 
6.2.3 Particle Concentration 
 
One of the major unknowns about the reflectivity simulations is the concentration of larger 
ash particles present within a unit volume. For the smaller ash particle this has been well 
established however these larger particles only form close to the fire front and not analysis of 
their properties has been recorded. The use of aircraft in such measurements has been 
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successfully implemented (such as Radke et. al.) before however, the particle analysis here 
requires a fundamental understanding in all regions of a fire and plume column [68, 69, 76]. 
This poses a number of safety risks for human flight however the implementation of UAV’s 
in such research may present a number of benefits.  
 
6.2.4 Validation of Scattering Models 
 
The final chapter of this dissertation presented a method for simulating the reflectivity of 
statistically correct ash particles. One of the main uncertainties is the validity of the simulated 
data compared to measurements of open fires. Here, confirmation of the simulated scheme 
was achieved using controlled scattering models.  
To truly validate the simulated models against real-world scattering will require extensive 
radar measurements over a number of bands. The difficulty arises in validating such data due 
to the unknown concentration levels of ash found in plumes. To overcome this, controlled 
measurements of scattering created from fires of simular biomass must firstly be explored. 
 
6.2.5 Investigation of Other Scattering Sources 
 
Future work will also require an understanding of other scattering sources within fires. For 
example clear air scattering is known to be a significant contributor at higher frequencies. 
This will become a critical player if millimetre wave band radars are utilised in fire detection 
and monitoring fields. Along with this the characterisation of moisture content within plumes 
needs investigating further. It’s known that fires can produce rain if sufficient water content 
is available within burning biomass. Within Australia this is not generally the case in small 
ground fires however crowning fires which consume hydrated vegetation may result in 
particle saturations level not seen in the lab testing. The mechanisms for moisture absorption 








A. Review of Electromagnetics and Radar Fundamentals 
 
Interaction of Electromagnetic Fields within Mediums 
 
The fundamental interactions between electromagnetic waves and scattering mediums 
such as those found in smoke plumes are of most importance when understanding the return 
echoes to radars. In the study of a scattering electromagnetic wave the material properties of 
the medium being investigated needs detailed exploration. These interactions take two forms 
which include those on the macroscopic level which describe the behaviour of the material as 
a whole and those on the microscopic level which look at the interactions on an atomic level. 
When a propagating electromagnetic wave hits a medium the interacting field causes a slight 
displacement in each charge particle. This displacement of the field on the macroscopic level 
is caused by the polarisation of the medium which sets up opposing electric and magnetic 
fields [208]. On the microscopic level this can be explained by the energy bands required to 
change the state of electrons and magnetic moments of atoms making up the medium [140]. 
Looking specifically at the solid constituents of fires, little is known about the material 
properties of ash particles in the microwave region of the electromagnetic spectrum [34, 38, 
54, 55, 64-66]. On the macroscopic level, assuming time harmonic propagation, the 
interactions of electromagnetic waves and a material can be described by Maxwell’s 
equations. In phasor form these are given as [208-210]:- 
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Where E represents the electric field (V/m), B represents the magnetic flux density (T/m2), 
M represents the magnetization (A/m), H represents the magnetic field strength (A/m), J 
represents the electric current density (A/m2), D represents the electric flux (C/m2) , ρV 
represents the electric charge density (C/m3) and ω is the angular frequency given by 2πf, 
where ‘f’ is the frequency of the electromagnetic wave (Hz). ׏ is the del operator 
representing the curl (׏ ൈ) or div (׏ ∙) of the vector space. Both the electric and magnetic 
fields are represented in 3-dimentional space thus each bold component in Maxwell’s 
equations signifies a 3D vector (i.e E = ܧ௫ݔො+ܧ௬ݕො+ܧ௭̂ݖ). The magnetic charge density (ρmV) 
and current density (M) do not exist in reality and are introduced mathematically to create 
symmetry in Maxwell’s equations [208, 210]. 
The response of different materials to electromagnetic fields is also highly dependent on 
its linearity, homogeneity and isotropy. Linearity describes the response of a material to 
different field strengths. For the majority of radar related applications most materials will act 
linearly as the field strength is not large enough to see any non-linear effects appear. The 
homogeneity of a material describes how the electromagnetic field acts within each region of 
the materials physical volume. All materials have various degrees of inhomogeneity which 
are more prevalent to those arising from naturally forming materials [140]. Finally the 
isotropy of the material describes how the field interacts when propagating from different 
directions. Materials with anisotropic properties are generally described by what is known as 
a dyadic tensor matrix which describes the relative complex permittivity and permeability in 
all three physical dimensions of space.  
The displacement in the electric and magnetic fields relative to the corresponding flux 
densities due to the propagation through a polarising material can be expressed by 
introducing what is termed the permittivity (ε) and permeability (μ). The permittivity and 
permeability of a material are related electrically and magnetically by the following 
relationships:-   
ࡰ ൌ ߝࡱ ൌ 	 ߝ଴ࡱ ൅ ࡼࢋ 
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Where ε is the permittivity of a medium, ε0 is the permittivity of free space (vacuum), μ is 
the permeability of a medium, μ0 is the permeability of free space (vacuum) and Pe is the 
electric polarization.  
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Due to the very small number involved with calculating the permittivity and permeability, 
the values are converted into a ratio termed the relative permittivity (εr) and permeability (μr). 
These have the following relationship to the permittivity and permeability of free space:- 
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The permittivity and permeability are complex numbers and thus there real and imaginary 
components represent the displacement and loss of the field within a medium. These are 
given as:-  
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The loss is further expressed in terms of the electric (ݐܽ݊ߜ௘) and magnetic (ݐܽ݊ߜ௠) loss 
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Where a material exhibits both electric and magnetic losses the total loss tangent is given 
as [147, 148]:- 
ݐܽ݊ߜ ൌ ߜ௥′′ߜ௥′  
( 54 ) 
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Radar, on a systems level is generally bound by the types of waveforms being transmitted. 
These waveforms are a direct result of the intended application or scenario for which the 
radar will operate. In the basic sense, there are two main waveform classifications. These 
waveform classifications are pulsed and continuous wave (CW). Both waveform types suit a 
variety of different applications including the detection of dispersed mediums such as ash 
particles.  
Pulsed radar systems have been extensity used since the birth of radar during the late 
1930’s, early 1940’s. Even in many modern radar systems such as weather radars, pulsed 




systems are characterised a narrow band systems which operate with a spectral bandwidth in 
the order of 2-5MHz. The RF front end is simple in design and high powered magnetrons, 
klystrons or traveling wave tubes (TWT’s) can be used to generate pulses of several tens to 
hundreds of kilowatts in peak transmit power [211, 212].  
Continuous wave radar can be found in two sub-categories which are defined as non-
modulated and modulated waveforms. A non-modulated system transmits a constant tone 
which can only be used to extract Doppler information about a target. Modulated systems 
apply a modulation scheme to the waveform to allow the extraction of range information. 
Modulation schemes vary extensity with the application of the radar however these are 
defined as amplitude modulation (AM), frequency modulation (FM) and phase modulation 
(PM). Typically FM and PM modulation schemes or a combination of the two are used to 
form the signal synthesis of modern modulated CW radar systems. The principles behind 
modulated continuous wave radars date back to the late 1920’s [213]. They were typically 
restricted to distance measuring systems such as radio altimeters for aircraft. It has only been 
within the past few decades that their popularity has increased due to the availability of high 
power, wideband MMIC technology and computing power allowing signal processing to be 
completely carried out in the digital domain.  
Before any of the research questions outlined in section 2.5.1 can be answered, the basic 
principle of radar must be discussed. The radar performance parameter of most importance is 
the radar cross-section (RCS). This parameter is best described by the radar range equation 




( 57 ) 
Where:- Pt = Transmitted power (W) 
 G = Antenna Gain (dBi)  
 σ = Radar Cross-Section (m2) 
 Kb = Boltzmann’s Constant (1.3806488e-23 m2 kg s-2 K-1 
 T0 = Ambient Temperature of Free-Space (K) 
 Nf = System Noise Figure (dB) 
 B = Receiver Bandwidth (Hz) 
 R = One-Way Range (m) 





The radar range equation describes all the system gains and losses including free-space 
loss and thermal noise which can affect the propagation of an electromagnetic signal as well 
as the sensitivity of the receiver. If all other system parameters are known the radar cross-
section can be solved. Unique properties of electromagnetic waves are their polarizability 
which also effects the evaluation of the radar cross-section.  
The polarisation of a radar antenna defines the polarisation of both the transmitted and 
received signals. These are generally identical for mono-static radars (single antenna used for 
both transmit and receive) however may change in the case of bi-static radar (separate 
antennas used for both transmit and receive) or intended application. Electromagnetic waves 
are commonly defined as being linear or circular polarised, however this may also include 
elliptically polarised waves. Linear polarised waves are defined as “electromagnetic waves 
for which the locus of the tip of the electric field vectors is a straight line in a plane 
orthogonal to the wave normal” [10]. Linear polarised fields are generally described as being 
‘horizontally (H)’ or ‘vertically (V)’ polarised. This refers to the orientation of the electric 
field vector relative to the earth surface (i.e horizontal polarised waves are parallel, vertical 
polarised waves are perpendicular). Circular polarised waves on the other hand are defines 
as “electromagnetic waves for which the locus of the tip of the instantaneous electric field 
vector is a circle in a plane orthogonal to the wave normal” [10]. These are found in two 
propagation forms called left and right-hand circular polarization (LCP, RCP). Elliptical 
polarised waves follow the same convention whereby the locus of the electric field vector is 
elliptical in shape. A reflected linear polarised electromagnetic wave can be received using an 
antenna of equivalent polarisation (i.e Pt V → Pr V, Pt H → Pr H). A reflected circular or 
elliptical polarised electromagnetic wave must be received using an antenna of opposite 
circular polarisation (i.e Pt LCP → Pr RCP, Pt RCP → Pr LCP).  
Solving the RCS in the case of a linear polarised field required the scattered incident field 
to be of the same polarisation as the receive antenna. This polarised field, also known as the 
principal field, may not always be the only scattered field present at the receive antenna 
however, will be the only detectable field couples into the antenna structure. In the case of 
linear polarised antennas detecting circular polarized electromagnetic waves, a 3bB loss is 
incurred due to half the power being present in the orthogonal polarisation plane. To 
determine more information about a scattered field, it is common practice to implement what 
is termed a polarimetric measurement. This measurement takes advantage of different 
polarisation reflections of a target similar to the way polarise lenses are used in cameras. 




measurement allows for the determination of what is termed the total backscattered RCS 
matrix (see Eqn. ( 60 )). This total backscatter matrix is related to the scattering matrix in 
terms of polarisation by Eqn. ( 62 ). Finally, the relationship between the electric field in both 
orthogonal polarisations and the scattering matrix for the incident (Ei) and scatter (Es) fields 
is given in Eqn. ( 62 ) [63, 211]. 
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Where:- k is the wave number (k = 2π/λ) 
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In the case of dispersed or volume targets such as those presented by fire ash, the RCS takes 
on a variant form known as volume scatter. The volume scatter or volumetric radar cross-
section is representative of the sum of the scatters inside a resolute volume. It represents the 
total backscatter of the dispersed targets as given by Eqn. ( 63 ). The resolute volume (Vm) is 
characterised by the half-power beamwidth of the antennas radiation pattern in both E and H 
planes (azimuth (θ) and elevation (φ)), the range (R) and the range resolution of the radar 
(ΔR) (see Fig.  163). Due to the Gaussian shape of antenna radiation patterns (as illustrated in 
Fig.  164), and the asymmetry of the power density over the resolute volume, a correction 
must be made. The Gaussian correction is using a sinc function as defined by Eqn. ( 66 ). 
Finally, the total scatter (σtotal) produced by a resolute volume is given by the average 
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The total RCS only represents the energy which is scattered back towards a radar system. 
This however does not include the scattering of the electromagnetic waves in other directions 
or the contributions of dielectric or magnetic loss caused by the propagation of the 
electrometric field through the dispersed medium. To describe this energy lost the extinction 
cross-section (σe) is introduced and is given by ( 68 ). 
 
ߪ௘ ൌ ߪఈ ൅ ߪ௧௦ 
( 66 ) 
Where σα is the absorption cross section representing the losses from the imaginary 
components of the relative complex permittivity and permeability of a material and σts is the 
total scattering cross section representing the loss due to scattering alone. 
 
Theoretical Kirchhoff Wideband Mono-Static 2D Radar Cross-Section 
of Ash Particles 
 
A comparison between the CST MWS mono-static RCS simulations of the ash disks (see 
chapter 5) and that predicted by theory will be given in this section. A modified Kirchhoff 
type scattering approximation using a Fourier transform is given by Le Vines and will be 
investigated for its comparison to the simulated scattering of a thin dielectric disk [194, 195]. 
This can be solved analytically based on geometry and permittivity of the disk. It uses a 
combination of both a sinc and first order Bessel. Here, the sinc function is used to shape the 
Bessel function. After deviation Le Vines showed the horizontal and vertical mono-static 
radar cross section can be approximated by  Eqn. ( 69 )  and Eqn. ( 70 ) respectively. 
ߪ୦୦ ൌ ሺܵ௛௛. ܵ௛̅௛ሻ ∗ ሺܵሺ̅ݒݐሻ. ܵ̅ሺ̅ݒݐሻሻ 
( 67 ) 
ߪ୴୴ ൌ ሺܵ௩௩. ܵ௩̅௩ሻ ∗ ሺܵሺ̅ݒݐሻ. ܵ̅ሺ̅ݒݐሻሻ 
( 68 ) 
Where Sത୦୦ and Sത୴୴ are the complex conjugates of S୦୦ and S୴୴ and Sതሺvതtሻ is the complex 








Where J1 is the first order Bessel function of A (see Eqn. ( 71 )), a is the radius of the disk, T 
is the thickness of the disk, k0 is the free-space wave number (k0=2π/λ) and θ is the respective 
incident angle. 
 
ܣ ൌ 	2݇଴ܽsin	ሺߠሻ 
( 70 ) 
Finally, the coefficients for a circular disk are given as:- 
 
ܵ௛௛ ൌ ൛ൣݏ݅݊ܿሺߙΩାሻ െ ݎ௛݁ሺ௝ଶఈ୻ሻݏ݅݊ܿሺߙΩିሻ൧݁̅௛ܵ଴ൟ 
( 71 ) 
ܵ௩௩ ൌ ൜ൣߛାݏ݅݊ܿሺߙΩାሻ െ ݎ௩݁ሺ௝ଶఈ୻ሻିߛ ݏ݅݊ܿሺߙΩିሻ൧ ݁̅௩√ߝ௥ ݏ଴ൠ 
( 72 ) 
and, 
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Where ߦ௛ = 1 and ߦ௩ = 1/εr. The resultant theoretical wideband response of ash over four of 
the exposed temperature ranges (200°C, 300°C, 400°C and 500°C) in horizontal polarisation 
have been presented in Fig.  126. The equivalent vertical polarisation is illustrated in  
This model shows a very good approximation of the 2D mono-static RCS of the dielectric 
disks. The 0° incident angle shows good agreement with the 1D measured and simulated 
mono-static results. This Kirchhoff model is known to neglects edge effects which results in 
an induced error at larger incident angles. The result of neglecting the edge effects is 
illustrated by the missing scatter data present at ±90° incidents in the horizontal and vertical 
polarisation. Both the horizontal and vertical data are similar as by definition the cross-
polarisation component must be σv,h= σn,v=0. 
This is also seen by the distinct differences between the Kirchhoff model and CST MWS 
simulations at the larger incident angles. The null locations are also seen to be extremely 
similar in both cases. Kirchhoff approximation provides a quick first order approximation of 
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( 74 ) 




Extended Debye Model for Water to 100 GHz with temperature 
dependency 
 
The relative complex permittivity of water used in the predictive models for the dielectric 
mixing law will be outlined here. The relative complex permittivity of water has a good 
relationship to the Debye relationship which defines the permittivity of a material with 
respect to its static permittivity (εs), optical permittivity (ߝஶ) and its relaxation time (τ). 
Recently released semi-empirical modelling has been successful at modelling the relative 
complex permittivity of water to 100GHz with the lowest RSM error of all previous Debye 
type models [214]. The relative complex permittivity can be expressed in two was given as : 
ߝሺ݂ீ ு௭ሻ ൌ෍∆௜ ∗ ܨ௜ሺ݂ீ ு௭ሻ ൅ ݁ஶ ൌ 	 ߝ௦ െ෍∆௜ ∗ ሾ1 െ ܨ௜ሺ݂ீ ு௭ሻሿ
௜௜
 
( 76 ) 
Where Fi is a normalised complex shape function describing the permittivity in different 
regions of the EM spectrum and f os the frequency in GHz (1e9 Hz).  Two shaping functions 
are given for this model designated as FR  and FB which define the regions where Raman 
Scattering (R) and Intermolecular vibrational bending modes (B) are present (refer to [214] 
for further details).  
 
The static permittivity (εs) is related to the optical permittivity (ߝஶ) via: 
݁ஶ ൌ ߝ௦ െ෍∆௜
௜
 
( 77 ) 
The two complex shaping functions FR  and FB are given as: 
ܨோሺ݂ீ ு௭ሻ ൌ 	 ߛோߛோ ൅ ݅. ݂ீ ு௭		 
( 78 ) 
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( 79 ) 
Where zi* is the complex conjugate of zi to satisfy the Kramers-Kronig relation for materials. 




ߝ௦ ൌ െ43.7527 ∗ ߠ଴.଴ହ ൅ 299.5040 ∗ ߠଵ.ସ଻ െ 399.364 ∗ ߠଶ.ଵଵ ൅ 221.327 ∗ ߠଶ.ଷଵ 
( 80 ) 
Where 
ߠ ൌ 300/ሺܶ ൅ 273.15ሻ 
( 81 ) 
And T is the temperature of the liquid in degrees centigrade (°C). Finally the remaining 
coefficient are given as: 
∆ோൌ 80.69715 ∗ exp	ሺെ ܶ266.45ሻ 
( 82 ) 
ߛோ ൌ 1164.023 ∗ exp	ሺെ 651.4728ܶ ൅ 133.07ሻ 
( 83 ) 
∆஻ൌ 4.008724 ∗ exp	ሺെ ܶ103.05ሻ 
( 84 ) 
ݖଵ ൌ ሺെ0.75 ൅ ݅ሻݒଵ 
( 85 ) 
ݒଵ ൌ 10.46012 ൅ 0.1454962ܶ ൅ 0.063267156ܶଶ ൅ 0.00093786645ܶଷ 
( 86 ) 
and 
ݖଶ ൌ െ4500 ൅ ݅2000 
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C. Image Processing Techniques 
 
The task of analysing individual ash particles and acquiring large enough data sets to 
correctly describe their geometric properties statistically is an enormous task. Image 
processing is a technique which can help solve many of these tedious tasks. Image processing 
takes many forms, however it is typically used to extract information about an object(s) of 
interest based on pixel count, pixel shading and/or pixel colour. It is not limited to just single 
frame images with the technique commonly used in biology sciences to track the movement 
of bacteria and cells from video footage.  
The image processing techniques used within this dissertation relay on a program called 
ImageJ. ImageJ is an open source image processing software package supported by the 
National Institute of Health (NIH) [202]. The package is a Java based program providing 
macro/script based coding and is easily configured to automate many different image 
processing tasks. 
Given the properties of ash to be analysed (as outlined in Fig.  9), image processing can 
fulfil most of the tasks required for understanding their geometric characteristics. It has the 
capability to analyse the projected surface area of the particles as well as their aspect ratio. 
These two properties give a good estimation of the volume a particle will occupy in free-
space. On top of this, colour matching can be used to find statistical links between the 
maximum exposed temperature of an individual ash particle and their RF material properties. 
This bypasses the problems highlighted with relying on flame temperature as a means of 
determining the material properties and hence the scattering properties of ash. 
Image processing will be utilised extensively throughout this dissertation. This section will 
provide a complete overview of the image processing methodology. A flow chart of the 
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Apart from the scanned images of ash some Digital Single-Lens Reflex camera photos 
were also used for image processing. These images followed the same post-processing 
method outlined however are subjected to some error due to the perspective viewing angle 
induced by the position of the camera. 
 
Image Normalisation Process 
 
One of the drawbacks with using raw images for image processing is the large variation in 
pixel illuminations which can exist after the scanning process. These variations are primarily 
caused by shadowing and/or reflectivity effects created during the scanning process and can 
severely degrade colour information. These effects are a direct result of the light source being 
at a different location to the imaging sensor of the scanner, and are unavoidable. For particles 
with relatively large projected areas, these variations in illumination have less of an effect on 
the quality of the data that can be gathered. However, as the particles area reduces the quality 
of data also progressively degrades.  
To remove the effects of variation in illumination, an image normalisation process must be 
carried out prior to commencing any image processing. This normalisation process removed 
the effects of the illumination by levelling the intensities of each colour channel [192, 203]. 
The normalization process carried out on all the raw images of ash is described in Eqn. ( 88 ). 
An example showing the effects of shadowing and reflection on an original raw scanned 
image and the resultant normalized image are illustrated in Fig.  173. 
The normalization process shows a clear reduction in the variations of illumination caused 
by shadowing effects within the image. The normalization process was implemented via a 
custom macro running through ImageJ. A copy of the image normalisation macro can be 
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their effective complex permittivity values can be made (see Fig.  174). Image processing can 
again be used to extract this temperature information about ash.  
 
 
Fig.  174 – Flow chart showing the relative steps required to ascertain a distribution for the complex 
permittivity of an individual ash particle based on its exposed temperature  
 
 
The first step in implementing any colour matching techniques is to build colour models 
which describe how different biomass structures change colour with temperature. Here, a 
focus has been placed on the leaf structures of the plant and tree species outlined in section 
3.2. Controlled leaf specimens were firstly collected, pressed until dry and finally exposed at 
controlled temperature ranges of 150°C to 600°C at 50°C increments. A specimen of the 
original biomass was also measured as a starting point for the model. The exposed specimens 
were then scanned, pre-processed and normalized as per the image processing method 
outlined in Fig.  170. The average normalized RGB values from each pixel of the biomass 
specimens were then extracted at the given temperature ranges. Each specimen for each of 
the temperature ranges consisted of a projected surface area greater than 1000 mm2. This 
represented a minimum pixel count of 2.3 million at the given resolution. On average there 
were 12 leaf specimens tested for each of the temperature ranges. A cubic extrapolated model 
of the normalized mean RGB values for messmate eucalypt leaves at the given temperature 
ranges are illustrated in Fig.  175. The complete set of normalized mean RGB models for the 
remaining plant and tree species outlined in section 3.2 can be found in Appendix D. 
The overall normalized RGB values show clear differences between the un-burnt states to 
those exposed at 600°C. At low temperatures (≤ 200°C) there are significant differences 
between each RGB channel. At higher temperatures (≥ 250°C) the RGB values start to 
converge. The 450°C mark represents the temperature at which the biomass first begins to 
ember. Beyond this temperature the biomass has sufficient energy to maintain a flame until 
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ࡵࡿ࡭ࡰ ൌ෍ห∆ࡵ࢘ࢍ࢈∗ ห 
( 89 ) 
where:- ΔI*r  = Rmeasures – Rmodel 
 ΔI*g = Gmeasures – Gmodel 
 ΔI*b = Bmeasures – Bmodel 
 
ࡵࢋ࢘࢘࢕࢘ ൌ ࡵࡿ࡭ࡰ∑|∆ࡵ࢓ࢇ࢞∗ | 
( 90 ) 






∆ࡵ࢘ࢍ࢈ ൌ ට∆ࡵ࢘૛ ൅ ∆ࡵࢍ૛ ൅ ∆ࡵ࢈૛ 
( 91 ) 
where:- ΔIr  = Rmeasures – Rmodel 
 ΔIg = Gmeasures – Gmodel 












maxmax bgr IIII   
 ΔIr max  = 255 
 ΔIg max  = 255 
 ΔIb max  = 255 
 
 
The first of the LAB based matching methods is called ΔE. It is identical to the Euclidean 
vector system implemented in the second RGB matching technique. Here, however the RGB 
values are replaced with the LAB values using Eqn. ( 93 ). The second LAB scheme is that 
using a matching scheme created by CIE called CIEDE2000 [191]. This is again a Euclidean 




determined by taking into consideration such parameters as Lightness, Chroma, Hue and Hue 
Rotation as expressed in Eqn. ( 95 ). The equivalent error for both LAB matching methods 
are given by Eqn. ( 94 )  and Eqn. ( 96 ) respectively. 
 
∆ࡱ࢒ࢇ࢈ ൌ ට∆ࡸ૛ ൅ ∆࡭૛ ൅ ∆࡮૛  
( 93 ) 
where:- ΔL  = Lmeasures - Lmodel 
 ΔA = Ameasures - Amodel 
 ΔB = Bmeasures - Bmodel 
 
∆ࡱࢋ࢘࢘࢕࢘ ൌ 	∆ࡱ࢒ࢇ࢈ 
 
 
( 94 ) 
 











( 95 ) 
where:- L is the Lightness (see [191]) 
 C is the Chroma (see [191]) 
 H is the Hue (see [191])  
 T is the Hue Rotation (see [191]) 
 KL, KC, KH = 1: (see [191]) 
 
 
∆ࡱ∗૙૙	ࢋ࢘࢘࢕࢘ ൌ 	∆ࡱ∗૙૙	 
( 96 ) 
 
D. Normalised Mean RGB and LAB models 
 
A full set of RGB and LAB models for all the plant and tree species to be analysed within 
this dissertation can be found within this appendix. Provided is both a tabular version of the 
measured RGB and equivalent LAB values for each temperature range measured. Note that 
some species have been measured at different temperature ranges from those specified in 
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Image Normalisation Macro for ImageJ 
 
// RMIT University  
// Image Normalisation Macro - ImageJ 
// Created by:- Thomas Baum 
// Date:- 12-June-2011 
// Version:- 1.01 
 
// Find Image Dimension (h,w) 
h = getHeight(); 
w = getWidth(); 
    for (x=0; x<w; x++) 
for (y=0; y<h; y++) { 
// convert binary to RGB values (0-255) 
   v = getPixel(x, y); 
   r = (v>>16)&255; 
   g = (v>>8)&255; 
   b = v&255; 
 
// Process Red Channel 
             if (r == 255) 
              rni = 255; 
             else 
             rni = r/sqrt(r*r+g*g+b*b)*255; 
              rn = round(rni);  
 
 
// Process Green Channel 
             if (g == 255) 
              gni = 255; 
             else 
              gni = g/sqrt(r*r+g*g+b*b)*255; 
             gn = round(gni); 
 
// Process Blue Channel 
             if (b == 255) 
              bni = 255; 
             else 
              bni = b/sqrt(r*r+g*g+b*b)*255; 
              bn = round(bni); 
 
// Overwrite existing image data with norm data 








[1] H. B. Teague, R. McLeod, and S. Pascoe. (2010). 2009 Victorian Bushfire Royal Commission 
final report. Available: http://www.royalcommission.vic.gov.au/Commission-Reports/Final-
Report 
[2] E. C. Barrett and L. F. Curtis, Introduction to Environmental Remote Sensing. London: 
Chapman & Hall, 1992. 
[3] A. J. Williams, D. Karoly, and N. Tapper, "The Sensitivity of Australian Fire Danger to 
Climate Change," Climatic Change, vol. 49, pp. 171-191, 2001. 
[4] R. J. Williams, J. C. Z. Woinarski, and A. N. Andersen, "Fire experiments in northern 
Australia: contributions to ecological understanding and biodiversity conservation in tropical 
savannas," International Journal of Wildland Fire, vol. 12, pp. 391-402, 2003. 
[5] A. N. Andersen, J. C. Z. Woinarski, and C. L. Parr, "Savanna burning for biodiversity: Fire 
management for faunal conservation in Australian tropical savannas," Austral Ecology, vol. 
37, pp. 658-667, 2012. 
[6] C. Santín, S. Doerr, R. Shakesby, R. Bryant, G. Sheridan, P. J. Lane, H. Smith, and T. Bell, 
"Carbon loads, forms and sequestration potential within ash deposits produced by wildfire: 
new insights from the 2009 ‘Black Saturday’ fires, Australia," European Journal of Forest 
Research, vol. 131, pp. 1245-1253, 2012. 
[7] K. G. Tolhurst, B. Shields, and D. Chong, "Phoenix: development and application of a 
bushfire risk management tool," Aust. J. Emerg. Manage., vol. 23 (4), pp. 47–54, 2008. 
[8] T. J. Duff, D. M. Chong, P. Taylor, and K. G. Tolhurst, "Procrustes based metrics for spatial 
validation and calibration of two-dimensional perimeter spread models: A case study 
considering fire," Agricultural and Forest Meteorology, vol. 160, pp. 110-117, 2012. 
[9] "IEEE Standard Radar Definitions," IEEE Std 686-2008 (Revision of IEEE Std 686-1997), pp. 
c1-41, 2008. 
[10] "IEEE Standard Definitions of Terms for Radio Wave Propagation," IEEE Std 211-1997, p. i, 
1998. 
[11] T. Baum, L. Thompson, and K. Ghorbani, "Complex Dielectric Measurements of Forest Fire 
Ash at X-Band Frequencies," Geoscience and Remote Sensing Letters, IEEE, vol. 8, pp. 859-
863, 2011. 
[12] S. Matthews, A. Sullivan, J. Gould, R. Hurley, P. Ellis, and J. Larmour, "Field evaluation of 
two image-based wildland fire detection systems," Fire Safety Journal, vol. 47, pp. 54-61, 
2012. 
[13] L. e. Neily, R. a. Neville, and W. D. McNoll, "Application Of Real Time Digital Image 
Analysis And Enhancement To Airborne Infrared Fire Detection And Mapping," in 
Geoscience and Remote Sensing Symposium, 1989. IGARSS'89. 12th Canadian Symposium 




[14] A. E. Ononye, A. Vodacek, and E. Saber, "Automated extraction of fire line parameters from 
multispectral infrared images," Remote Sensing of Environment, vol. 108, pp. 179-188, 2007. 
[15] B. C. Arrue, A. Ollero, and J. R. Matinez de Dios, "An intelligent system for false alarm 
reduction in infrared forest-fire detection," Intelligent Systems and their Applications, IEEE, 
vol. 15, pp. 64-73, 2000. 
[16] L. Vergara, P. Bernabeu, and J. Igual, "Wide area fire surveillance by infrared digital signal 
processing," in Information Fusion, 2000. FUSION 2000. Proceedings of the Third 
International Conference on, 2000, pp. WED3/18-WED3/23 vol.2. 
[17] B. Liberman, A. Grankov, A. Milshin, S. Golovachev, and V. Vishniakov, "Experimental 
study of fire risk by means of passive microwave and infrared remote sensing methods," in 
Geoscience and Remote Sensing Symposium, 1996. IGARSS '96. 'Remote Sensing for a 
Sustainable Future.', International, 1996, pp. 175-177 vol.1. 
[18] A. Bayo, D. Antolín, N. Medrano, B. Calvo, and S. Celma, "Early detection and monitoring 
of forest fire with a wireless sensor network system," Procedia Engineering, vol. 5, pp. 248-
251, 2010. 
[19] Y. E. Aslan, I. Korpeoglu, and Ö. Ulusoy, "A framework for use of wireless sensor networks 
in forest fire detection and monitoring," Computers, Environment and Urban Systems, vol. 
36, pp. 614-625, 2012. 
[20] K. Bouabdellah, H. Noureddine, and S. Larbi, "Using Wireless Sensor Networks for Reliable 
Forest Fires Detection," Procedia Computer Science, vol. 19, pp. 794-801, 2013. 
[21] S. Bhattacharjee, P. Roy, S. Ghosh, S. Misra, and M. S. Obaidat, "Wireless sensor network-
based fire detection, alarming, monitoring and prevention system for Bord-and-Pillar coal 
mines," Journal of Systems and Software, vol. 85, pp. 571-581, 2012. 
[22] A. Díaz-Ramírez, L. A. Tafoya, J. A. Atempa, and P. Mejía-Alvarez, "Wireless Sensor 
Networks and Fusion Information Methods for Forest Fire Detection," Procedia Technology, 
vol. 3, pp. 69-79, 2012. 
[23] F. Alimenti, T. Kempka, G. Tasselli, S. Bonafoni, P. Basili, L. Roselli, K. Solbach, and H. I. 
Willms, "Fire detection by low-cost microwave radiometric sensors," in Microwave 
Radiometry and Remote Sensing of the Environment, 2008. MICRORAD 2008, 2008, pp. 1-4. 
[24] S. Bonafoni, F. Alimenti, G. Angelucci, and G. Tasselli, "Microwave radiometry imaging for 
forest fire detection: A simulation study," Progress In Electromagnetics Research,, vol. 112, 
pp. 77-92, 2011. 
[25] T. Kempka, T. Kaiser, and K. Solbach, "Microwaves in fire detection," Fire Safety Journal, 
vol. 41, pp. 327-333, 2006. 
[26] V. Cuomo, R. Lasaponara, and V. Tramutoli, "Evaluation of a new satellite-based method for 
forest fire detection," International Journal of Remote Sensing, vol. 22, pp. 1799-1826, 2001. 
[27] L. L. Bourgeau-Chavez, P. A. Harrell, E. S. Kasischke, and N. H. F. French, "The detection 
and mapping of Alaskan wildfires using a spaceborne imaging radar system," International 




[28] L. L. Bourgeau-Chavez, P. A. Harrell, E. S. Kasischke, and N. H. F. French, "Detection and 
interpretation of Alaskan fire-disturbed boreal forest ecosystems using ERS-1 SAR imagery," 
1995, pp. 1246-1248. 
[29] I. A. Csiszar, J. T. Morisette, and L. Giglio, "Validation of active fire detection from 
moderate-resolution satellite sensors: the MODIS example in northern eurasia," Geoscience 
and Remote Sensing, IEEE Transactions on, vol. 44, pp. 1757-1764, 2006. 
[30] D. Oertel, E. Lorenz, B. Zhukov, and I. Csiszar, "BIRD fire recognition and comparison with 
Terra/MODIS," DLR2003. 
[31] B. Zhukov, D. Oertel, E. Lorenz, Y. Ziman, and I. Csiszar, "Comparison of fire detection and 
quantitative characterization by MODIS and BIRD," presented at the 31st International 
Symposium on remote sensing of Environment Proceedings, Saint Petersburg, 2005. 
[32] M. J. Wooster, B. Zhukov, and D. Oertel, "Fire radiative energy for quantitative study of 
biomass burning: derivation from the BIRD experimental satellite and comparison to MODIS 
fire products," Remote Sensing of Environment, vol. 86, pp. 83-107, 2003. 
[33] W. L. Grosshandler, "A Review of Measurements and Candidate Signatures for Early Fire 
Detection," D. o. Commerce, Ed., ed. Gaithersburg: Building and Fire Research Laboratory - 
National Institute of Standards and Technologies, 1995. 
[34] R. M. Banta, L. D. Olivier, E. T. Holloway, R. A. Kropfli, B. W. Bartram, R. E. Cupp, and M. 
J. Post, "Smoke-Column Observations from Two Forest Fires Using Doppler Lidar and 
Doppler Radar," Journal of Applied Meteorology, vol. 31, pp. 1328-1349, 1992. 
[35] A. B. Utkin, A. Fernandes, F. Simes, A. Lavrov, and R. Vilar, "Feasibility of Forest-Fire 
Smoke Detection Using Lidar," International Journal of Wildland Fire, vol. 12, pp. 159-166, 
2003. 
[36] P. Hyde, "Measuring and mapping forest wildlife habitat characteristics using LiDAR remote 
sensing and multi-sensor function," Ph.D. 3202406, University of Maryland, College Park, 
United States -- Maryland, 2005. 
[37] H. Balzter, C. S. Rowland, and P. Saich, "Forest canopy height and carbon estimation at 
Monks Wood National Nature Reserve, UK, using dual-wavelength SAR interferometry," 
Remote Sensing of Environment, vol. 108, pp. 224-239, 2007. 
[38] P.-S. Tsai, S. J. Frasier, S. Goodrick, G. Achtemeier, and M. T. Odman, "Combined Lidar and 
Radar Observations of Smoke Plumes from Prescribed Burns," presented at the Fourth 
Symposium on Lidar Atmospheric Applications, Phoenix, 2009. 
[39] Y. Liu, S. L. Goodrick, G. L. Achtemeier, K. Forbus, and D. Combs, "Smoke plume height 
measurement of prescribed burns in the south-eastern United States," International Journal of 
Wildland Fire, vol. 22, pp. 130-147, 2013. 
[40] Y. G. Sahin and T. Ince, "Early Forest Fire Detection Using Radio-Acoustic Sounding," 
Sensors and Actuators A: Physical, pp. 1485-1498, 2009. 
[41] K. Huang, J. Zhong, J. Zhu, X. Zhang, F. Zhao, H. Xie, F. Gu, B. Zhou, and M. Wu, "The 
Method of Forest Fires Recognition by Using Doppler Weather Radar," presented at the 




[42] R. F. Jones, "Radar Echoes from Smoke," Meteorological Magazine, London, vol. 79, p. 89, 
1950. 
[43] G. D. Reid and R. G. Vines, "A Radar Study of a Smoke Plume from a Forest Fire," CSIRO, 
Australia1972. 
[44] T. A. Jones and S. A. Christopher, "Injection Heights of Biomass Burning Debris Estimated 
From WSR-88D Radar Observations," Geoscience and Remote Sensing, IEEE Transactions 
on, vol. 47, pp. 2599-2605, 2009. 
[45] T. A. Jones, S. A. Christopher, and W. Petersen, "Dual-polarization radar characteristics of an 
apartment fire," Journal of Atmospheric and Oceanic Technology, vol. 26, pp. 2257-2269, 
2009. 
[46] S. Luchs and J. Pendergrast, "Using Dual Polarimetric Radar to Assess Prescribed and 
Wildland Fire Intensity in Florida," presented at the 93rd AMS Annual Meeting, Austin, 
Texas, 2013. 
[47] A. B. Utkin, A. V. Lavrov, L. Costa, F. Simões, and R. Vilar, "Detection of small forest fires 
by lidar," Applied Physics B, vol. 74, pp. 77-83, 2002/01/01 2002. 
[48] H. W. Hiser, "Smoke Observations on a 10 cm Radar," Bulletin of the American 
Meteorological Society, vol. 42, 1961. 
[49] R. L. Birch, "Radar Observations of Smoke," Australian Meteorological and Oceanographic 
Journal p. 30, 1968. 
[50] D. Rosenfeld, M. Fromm, J. Trentmann, G. Luderer, M. O. Andreae, and R. Servranckx, "The 
Chisholm firestorm: observed microstructure, precipitation and lightning activity of a pyro-
cumulonimbus," Atmos. Chem. Phys., vol. 7, pp. 645-659, 2007. 
[51] D. A. Haines, "Horizontal Roll Vortices and Crown Fires," Journal of Applied Meteorology, 
vol. 21, pp. 751-763, 1982/06/01 1982. 
[52] D. A. Haines and M. C. Smith, "Three Types of Horizontal Vortices Observed in Wildland 
Mass and Crown Fires," Journal of Climate and Applied Meteorology, vol. 26, pp. 1624-
1637, 1987/12/01 1987. 
[53] D. J. McRae and M. D. Flannigan, "Development of large vortices on prescribed fires," 
Canadian Journal of Forest Research, vol. 20, pp. 1878-1887, 1990/12/01 1990. 
[54] V. M. Melnikov, D. S. Zrnic, R. M. Rabin, and P. Zhang, "Radar polarimetric signatures of 
fire plumes in Oklahoma," Geophysical Research Letters, vol. 35, 2008. 
[55] V. Melnikov, D. Zrnic, and R. Rabin, "Polarimetric radar properties of smoke plumes: A 
model," Journal of Geophysical Research. Atmospheres, vol. 114, 2009. 
[56] H. Gubler and M. Hiller, "The use of microwave FMCW radar in snow and avalanche 
research," Cold Regions Science and Technology, vol. 9, pp. 109-119, 1984. 
[57] L. A. Klein, R. Mino, M. J. Hovan, P. Antonik, and G. Genello, "MMW radar for dedicated 
bird detection at airports and airfields," in Radar Conference, 2004. EURAD. First European, 
2004, pp. 157-160. 
[58] M. Voege, M. Hort, and R. Seyfried, "Monitoring Volcano Eruptions and Lava Domes with 




[59] O. A. Krasnov, L. P. Ligthart, L. Zhijian, P. Lys, and F. Van der Zwan, "The PARSAX - full 
polarimetric FMCW radar with dual-orthogonal signals," in Radar Conference, 2008. EuRAD 
2008. European, 2008, pp. 84-87. 
[60] H.-P. Marshall and G. Koh, "FMCW radars for snow research," Cold Regions Science and 
Technology, vol. 52, pp. 118-131, 2008. 
[61] O. A. Krasnov, L. P. Ligthart, L. Zhijian, G. Babur, W. Zongbo, and F. Van der Zwan, 
"PARSAX: High-resolution Doppler-polarimetric FMCW radar with dual-orthogonal 
signals," in Microwave Radar and Wireless Communications (MIKON), 2010 18th 
International Conference on, 2010, pp. 1-5. 
[62] A. Moses, M. J. Rutherford, and K. P. Valavanis, "Radar-based detection and identification 
for miniature air vehicles," in Control Applications (CCA), 2011 IEEE International 
Conference on, 2011, pp. 933-940. 
[63] V. N. Bringi and V. Chandrasekar, Polarimetric Dopper Weather Radar - Principle and 
Applications. New York Cambridge University Press, 2005. 
[64] R. R. Rogers and W. O. J. Brown, "Radar Observations of a Major Industrial Fire," Bulletin of 
the American Meteorological Society, vol. 78, pp. 803-814, 1997. 
[65] J. S. Erkelens, V. K. C. Venema, and H. W. J. Russchenberg, "Coherent particle scatter in 
smoke and cumulus clouds," in Geoscience and Remote Sensing Symposium, 1999. IGARSS 
'99 Proceedings. IEEE 1999 International, 1999, pp. 687-689 vol.1. 
[66] J. S. Erkelens, V. K. C. Venema, H. W. J. Russchenberg, and L. P. Ligthart, "Coherent 
Scattering of Microwaves by Particles: Evidence from Clouds and Smoke," Journal of the 
Atmospheric Sciences, vol. 58, pp. 1091-1102, 2001. 
[67] G. L. Hufford, H. L. Kelley, W. Sparkman, and R. K. Moore, "Use of Real-Time 
Multisatellite and Radar Data to Support Forest Fire Management," Weather and Forecasting, 
vol. 13, pp. 592-605, 1998 1998. 
[68] P. V. Hobbs and L. F. Radke, "Cloud condensation nuclei from a simulated forest fire," 
Science, vol. 163, pp. 279-280, 1969. 
[69] R. C. Eagan, P. V. Hobbs, and L. F. Radke, "Measurements of cloud condensation nuclei and 
cloud droplet size distributions in the vicinity of forest fires," J. Appl. Meteorol, vol. 163, pp. 
553-557, 1974. 
[70] B. L. Hall, "Precipitation and radar reflectivity associated with natural wildfire ignitions in 
Arizona and New Mexico," Ph.D. 3209958, University of Nevada, Reno, United States -- 
Nevada, 2006. 
[71] T. Y. Palmer, "Visible, Infrared (IR), And Microwave Propagation In And Near Large Fires," 
pp. 28-30, 1981. 
[72] F. M. Penning, "Scattering of Electron in Ionised Gasses," Nature, vol. Aug. 26, p. 301, 1926. 
[73] S. N. Denno, H. A. Prime, and J. D. Craggs, "The Scattering of 3-cm. Radiation by Ionized 




[74] K. M. Mphale, D. Letsholathebe, and M. L. Heron, "Effective complex permittivity of a 
weakly ionized vegetation litter fire at microwave frequencies," Journal of Physics: Applied 
Phyics, 2007. 
[75] R. G. Vines, "On The Nature, Properties and Behaviour of Bush-Fire Smoke," CSIRO, 
Australia1971. 
[76] L. F. Radke, D. A. Hegg, P. V. Hobbs, J. D. Nance, J. H. Lyons, K. K. Laursen, R. E. Weiss, 
P. J. Riggan, and D. E. Ward, "Particulate and Trace Gas Emissions from Large Biomass 
Fires in North America," presented at the Proc. of the Chapman Conference on Global 
Biomass Burning, Atmophere, climate and Biosphere Implications, 1991. 
[77] J. M. Lobert and J. Warnatz, "Emissions from the combustion process in vegetation," Fire in 
the Environment: The Ecological, Atmospheric and Climatic Importance of Vegetation Fires, 
pp. 15-39, 1993. 
[78] E. R. L. Lara, W. Fu, K. Ghorbani, W. S. T. Rowe, and A. Mitchell, "Reconfigurable two-arm 
spiral antenna microwave photonic polarization diversity technique," Photonics Technology 
Letters, IEEE, vol. 21, pp. 1668-1670, 2009. 
[79] A. B. o. Meteorology, "Meteorological aspects of the 7 February 2009 Victorian fires, an 
overview," V. B. R. Commission, Ed., ed, 2009. 
[80] R. M. Lhermitte, "Note on the Observation of Small-Scale Atmospheric Turbulence by 
Doppler Radar Techniques," Radio Science, vol. 4, pp. 1241-1246, 1969. 
[81] H. Ottersten, "Atmospheric Structure and Radar Backscattering in Clear Air," Radio Science, 
vol. 4, pp. 1179-1193, 1969. 
[82] K. S. Gage, J. L. Green, and T. E. VanZandt, "Use of Doppler radar for the measurement of 
atmospheric turbulence parameters from the intensity of clear-air echoes," Radio Science, vol. 
15, pp. 407-416, 1980. 
[83] M. Tabrizchi, "Thermal Ionization Ion Mobility Spectrometry of Alkali Salts," Analytical 
Chemistry, vol. 75, pp. 3101-3106, 2003. 
[84] M. C. Williams, "Effect of Sodium and Potassium Salts on Growth and Oxalate Content of 
Halogeton," Plant Physiology vol. 35, pp. 500-505, 1960. 
[85] F. S. Chapin, III, "The Mineral Nutrition of Wild Plants," Annual Review of Ecology and 
Systematics, vol. 11, pp. 233-260, 1980. 
[86] G. Mundy, "Effects of potassium and sodium concentrations on growth and cation 
accumulation in pasture species grown in sand culture," Australian Journal of Agricultural 
Research, vol. 34, pp. 469-481, 1983. 
[87] R. A. Leigh and R. G. Wyn Jones, "A Hypothesis Relating Critical Potassium Concertrations 
for Growth to the Distribution and Function of this Ion in the Plant Cell," New Phytol, vol. 74, 
pp. 1-13, 1984. 
[88] S. Kant and U. Kafkafi, "Potassium and Abiotic Stresses in Plants," International Potash 




[89] M. Yamashita, F. Filho, R. Barreiros, F. Bringas, I. Goldman, T. Filho, P. Pascholati, and F. 
Yamaji, "Determination of potassium and sodium in an ash sample by gamma-ray 
spectroscopy," Wood Science and Technology, vol. 40, pp. 493-499, 2006. 
[90] N. M., R. H. Qureshi, T. Aziz, M. Saqib, S. Nawaz, S. T. Sahi, and A. Pervaiz, "Growth and 
Ionic Composition of Salt-Stressed Eucalyptus Camaldulensis and Eucalyptus Tereticornis," 
Pak. J. Bot, vol. 40, pp. 799-805, 2008. 
[91] Z. Oumar and O. Mutanga, "Predicting plant water content in Eucalyptus grandis forest stands 
in KwaZulu-Natal, South Africa using field spectra resampled to the Sumbandila Satellite 
Sensor," International Journal of Applied Earth Observation and Geoinformation, vol. 12, 
pp. 158-164, 2010. 
[92] O. A. Beath, C. S. Gilbert, H. F. Eppson, and I. Rosenfeld, "Poisonous Plants and livestock 
Poisoning," Wyo. Agr. Exp. Sta. Bull., p. 324, 1953. 
[93] K. M. Mphale, "Radiowave Propergation measurments and predictions in bushfires," School 
of Mathematical and Physical Sciences, University of Botswana/ James Cook University, 
2008. 
[94] A. Galehdar, K. Nicholson, W. Rowe, and K. Ghorbani, "The conductivity of unidirectional 
and quasi isotropic carbon fiber composites," in Microwave Conference (EuMC), 2010 
European, 2010, pp. 882-885. 
[95] NASA. (2009, 29-Aug-2013). Rapid Fire:- Australia6 Subset - Aqua 250m True Color 
2009/038 (02/07). Available: 
http://rapidfire.sci.gsfc.nasa.gov/subsets/?subset=Australia6.2009038.aqua.250m 
[96] NASA. (2009, 29-Aug-2013). Rapid Fire:- Australia6 Subset - Aqua 250m True Color 
2009/087 (03/28). Available: 
http://rapidfire.sci.gsfc.nasa.gov/imagery/subsets/?subset=Australia6.2009087.aqua.250m 
[97] NASA. (2013, 29-Aug-2013). Rapid Fire:- Australia6 Subset - Aqua 250m True Color 
2013/024 (01/24). Available: 
http://rapidfire.sci.gsfc.nasa.gov/imagery/subsets/?subset=Australia6.2013024.aqua.250m 
[98] J. M. Nightingale and S. R. Phinn, "Relationships between precipitation and satellite-derived 
vegetation condition within South Australia," in Geoscience and Remote Sensing Symposium, 
2001. IGARSS '01. IEEE 2001 International, 2001, pp. 1332-1334 vol.3. 
[99] R. J. Sneeuwjagt and W. H. Frandsen, "Behavior of experimental grass fires vs. predictions 
based on Rothermel's fire model," Canadian Journal of Forest Research, vol. 7, pp. 357-367, 
1977. 
[100] D. Anderson, E. Catchpole, N. De Mestre, and T. Parkes, "Modelling the spread of grass 
fires," Journal of the Australian Mathematical Society, vol. 23, pp. 451-466, 1982. 
[101] C. B. Clements, R. Perna, M. Jang, D. Lee, M. Patel, S. Street, S. Zhong, S. Goodrick, J. Li, 
B. E. Potter, X. Bian, W. E. Heilman, J. J. Charney, and G. Aumann, "Observing the 
Dynamics of Wildland Grass Fires: FireFlux—A Field Validation Experiment," Bulletin of 
the American Meteorological Society, vol. 88, pp. 1369-1382, 2007/09/01 2007. 
[102] N. Cheney, J. Gould, and W. Catchpole, "Prediction of Fire Spread in Grasslands," 




[103] E. A. Johnson and K. Miyanishi, Forest Fires: Behavior and Ecological Effects: Elsevier 
Science, 2001. 
[104] A. G. McArthur, Fire behaviour in eucalypt forests: Forestry and Timber Bureau, 1967. 
[105] I. Brooker, "Botany of the eucalypts," in Eucalyptus, ed: CRC Press, 2002. 
[106] D. J. Boland, M. I. H. Brooker, G. M. Chipperdale, N. Hill, B. P. M. Hyland, R. D. Johnston, 
D. A. Kleinig, and J. D. Turner, Forest Trees of Australia, 4th ed. Melbourne: Thomas Nelson 
Australia and CSIRO, 1984. 
[107] A. M. Gill and P. Zylstra, "Flammability of Australian forests," Australian Forestry, vol. 68, 
pp. 87-93, 2005 2005. 
[108] R. J. Underwood and P. E. S. Christensen, Forest fire management in Western Australia vol. 
1. Perth: Government Printing Office, 1981. 
[109] (2013, 9-Jun-2013). Atlas of Living Australia. Available: http://www.ala.org.au/ 
[110] M. K. Misra, K. W. Ragland, and A. J. Baker, "Wood ash composition as a function of 
furnace temperature," Biomass and Bioenergy, vol. 4, pp. 103-116, 1993. 
[111] P. K. Khanna, R. J. Raison, and R. A. Falkiner, "Chemical properties of ash derived from 
Eucalyptus litter and its effects on forest soils," Forest Ecology and Management, vol. 66, pp. 
107-125, 1994. 
[112] E. Yusiharni and R. Gilkes, "Minerals in the ash of Australian native plants," Geoderma, vol. 
189–190, pp. 369-380, 2012. 
[113] S. D. Maleknia, T. L. Bell, and M. A. Adams, "Eucalypt smoke and wildfires: Temperature 
dependent emissions of biogenic volatile organic compounds," International Journal of Mass 
Spectrometry, vol. 279, pp. 126-133, 2009. 
[114] A. B. M. Vos, F. Reisen, A. Cook, B. Devine, and P. Weinstein, "Respiratory Irritants in 
Australian Bushfire Smoke: Air Toxics Sampling in a Smoke Chamber and During Prescribed 
Burns," Archives of Environmental Contamination and Toxicology, vol. 56, pp. 380-388, 
2009. 
[115] L. F. Radke, J. L. Stith, D. A. Hegg, and P. V. Hobbs, "Airborne Studies of Particles and 
Gases from Forest Fires," Journal of the Air Pollution Control Association, vol. 28, pp. 30-34, 
1978 1978. 
[116] C. R. Church, J. T. Snow, and J. Dessens, "Intense Atmospheric Vortices Associated with a 
1000 MW Fire," Bulletin of the American Meteorological Society, vol. 61, pp. 682-694, 1980 
1980. 
[117] J. L. Dupuy, J. Maréchal, and D. Morvan, "Fires from a cylindrical forest fuel burner: 
combustion dynamics and flame properties," Combustion and Flame, vol. 135, pp. 65-76, 
2003. 
[118] S. Welch, A. Jowsey, S. Deeny, R. Morgan, and J. L. Torero, "BRE large compartment fire 
tests—Characterising post-flashover fires for model validation," Fire Safety Journal, vol. 42, 




[119] A. L. Sullivan, I. K. Knight, R. J. Hurley, and C. Webber, "A contractionless, low-turbulence 
wind tunnel for the study of free-burning fires," Experimental Thermal and Fluid Science, 
vol. 44, pp. 264-274, 2013. 
[120] F. Reisen, D. Hansen, and C. P. Meyer, "Exposure to bushfire smoke during prescribed burns 
and wildfires: Firefighters’ exposure risks and options," Environment International, vol. 37, 
pp. 314-321, 2011. 
[121] P. J. White and M. R. Broardley, "Calcium in Plants," Annals of Botany, vol. 92, pp. 487-511, 
2003. 
[122] H. A. Currie and C. C. Perry, "Silica in Plants: Biological, Biochemical and Chemical 
Studies," Annals of Botany, vol. 100, pp. 1383-1389, December 1, 2007 2007. 
[123] M. Andreae, D. Rosenfeld, P. Artaxo, A. Costa, G. Frank, K. Longo, and M. Silva-Dias, 
"Smoking rain clouds over the Amazon," Science, vol. 303, pp. 1337-1342, 2004. 
[124] B. Morton, "Buoyant plumes in a moist atmosphere," J. Fluid Mech, vol. 2, pp. 127-144, 
1957. 
[125] J. A. Dean and N. A. Lange, Lange's Handbook of Chemistry: McGraw-Hill, 1999. 
[126] T. Clark, M. Jenkins, J. Coen, and D. Packham, "A Coupled Atmosphere-Fire Model: Role of 
the Convective Froude Number and Dynamic Fingering at the Fireline," International Journal 
of Wildland Fire, vol. 6, pp. 177-190, 1996. 
[127] M. R. Raupach, "Similarity analysis of the interaction of bushfire plumes with ambient 
winds," Mathematical and Computer Modelling, vol. 13, pp. 113-121, 1990. 
[128] W. Heilman and J. Fast, "Simulations of Horizontal Roll Vortex Development Above Lines 
of Extreme Surface Heating," International Journal of Wildland Fire, vol. 2, pp. 55-68, 1992. 
[129] B. E. Potter, "A dynamics based view of atmosphere-fire interactions," International Journal 
of Wildland Fire, vol. 11, pp. 247-255, 2002. 
[130] J. Nelson, Ralph M., "Power of the fire; a thermodynamic analysis," International Journal of 
Wildland Fire, vol. 12, pp. 51-65, 2003. 
[131] P. Cunningham, S. L. Goodrick, M. Y. Hussaini, and R. R. Linn, "Coherent vortical structures 
in numerical simulations of buoyant plumes from wildland fires," International Journal of 
Wildland Fire, vol. 14, pp. 61-75, 2005. 
[132] P. A. Werth, B. E. Potter, C. B. Clements, M. A. Finney, S. L. Goodrick, M. E. Alexander, M. 
G. Cruz, J. A. Forthofer, and S. S. McAllister, "Synthesis of Knowledge of Extreme Fire 
Behavior: Volume I for Fire Managers," U. S. D. o. Agriculture, Ed., ed, 2011. 
[133] W. W. Willmarth, N. E. Hawk, and R. L. Harvey, "Steady and unsteady motions and wakes 
of freely falling disks," 1964. 
[134] E. H. Smith, Autorotating wings: an experimental investigation: Cambridge Univ Press, 1970. 
[135] A. Belmonte, H. Eisenberg, and E. Moses, "From flutter to tumble: inertial drag and Froude 




[136] A. Anderson, U. Pesavento, and Z. J. Wang, "Analysis of transitions between fluttering, 
tumbling and steady descent of falling cards," Journal of Fluid Mechanics, vol. 541, pp. 91-
104, 2005. 
[137] A. Anderson, U. Pesavento, and Z. J. Wang, "Unsteady aerodynamics of fluttering and 
tumbling plates," Journal of Fluid Mechanics, vol. 541, pp. 65-90, 2005. 
[138] V. Noel and H. Chepfer, "Study of Ice Crystal Orientation in Cirrus Clouds Based on Satellite 
Polarized Radiance Measurements," Journal of the Atmospheric Sciences, vol. 61, pp. 2073-
2081, 2004/08/01 2004. 
[139] L. F. Chen, C. K. Ong, C. P. Neo, V. V. Varadan, and V. K. Varadan, Measurement and 
Materials Characterization John Wiley & Sons, Ltd, 2005. 
[140] L. F. Chen, C. Ong, C. Neo, V. Varadan, and V. K. Varadan, Microwave electronics: 
measurement and materials characterization: Wiley. com, 2004. 
[141] R. J. Adams, W. F. Perger, W. I. Rose, and A. Kostinski, "Measurements of the complex 
dielectric constant of volcanic ash from 4 to 19 GHZ," Journal of Geophysical Research, vol. 
101, pp. 8175-8185, 1996. 
[142] A. Tupper, S. Carn, J. Davey, Y. Kamada, R. Potts, F. Prata, and M. Tokuno, "An evaluation 
of volcanic cloud detection techniques during recent significant eruptions in the western 
‘Ring of Fire’," Remote Sensing of Environment, vol. 91, pp. 27-46, 2004. 
[143] P. Delmelle, F. Villiéras, and M. Pelletier, "Surface area, porosity and water adsorption 
properties of fine volcanic ash particles," Bulletin of Volcanology, vol. 67, pp. 160-169, 2005 
2005. 
[144] T. Oguchi, M. Udagawa, N. Nanba, M. Maki, and Y. Ishimine, "Measurements of Dielectric 
Constant of Volcanic Ash Erupted From Five Volcanoes in Japan," Geoscience and Remote 
Sensing, IEEE Transactions on, vol. 47, pp. 1089-1096, 2009. 
[145] A. B. Rogers, D. G. Macfarlane, and D. A. Robertson, "Complex Permittivity of Volcanic 
Rock and Ash at Millimeter Wave Frequencies," Geoscience and Remote Sensing Letters, 
IEEE, vol. PP, pp. 298-302, 2010. 
[146] F. S. Marzano, E. Picciotti, G. Vulpiani, and M. Montopoli, "Synthetic Signatures of Volcanic 
Ash Cloud Particles From X-Band Dual-Polarization Radar," IEEE Transactions on 
Geoscience and Remote Sensing, vol. Volume 50, pp. 193-211, 2012. 
[147] A. M. Nicolson and G. F. Ross, "Measurement of the Intrinsic Properties of Materials by 
Time-Domain Techniques," Instrumentation and Measurement, IEEE Transactions on, vol. 
19, pp. 377-382, 1970. 
[148] W. B. Weir, "Automatic measurement of complex dielectric constant and permeability at 
microwave frequencies," Proceedings of the IEEE, vol. 62, pp. 33-36, 1974. 
[149] J. P. Calame, A. Birman, Y. Carmel, D. Gershon, B. Levush, A. A. Sorokin, V. E. Semenov, 
D. Dadon, L. P. Martin, and M. Rosen, "A dielectric mixing law for porous ceramics based on 
fractal boundaries," Journal of Applied Physics, vol. 80, pp. 3992-4000, 1996. 
[150] D. Gershon, J. P. Calame, and A. Birnboim, "Complex permittivity measurements and mixing 




[151] D. Gershon, J. P. Calame, and A. Birnboim, "Complex permittivity measurements and 
mixings laws of alumina composites," Journal of Applied Physics, vol. 89, pp. 8110-8116, 
2001. 
[152] J. Sheen, Z.-W. Hong, W. Liu, W.-L. Mao, and C.-A. Chen, "Study of dielectric constants of 
binary composites at microwave frequency by mixture laws derived from three basic particle 
shapes," European Polymer Journal, vol. 45, pp. 1316-1321, 2009. 
[153] A. Sihvola, "Mixing Rules with Complex Dielectric Coefficients," Subsurface Sensing 
Technologies and Applications, vol. 1, pp. 393-415, 2000. 
[154] A. H. Shivola, "Self-consistency aspects of dielectric mixing theories," Geoscience and 
Remote Sensing, IEEE Transactions on, vol. 27, pp. 403-415, 1989. 
[155] K. Karkkainen, A. Sihvola, and K. Nikoskinen, "Analysis of a three-dimensional dielectric 
mixture with finite difference method," Geoscience and Remote Sensing, IEEE Transactions 
on, vol. 39, pp. 1013-1018, 2001. 
[156] D. Polder and J. H. van Santeen, "The effective permeability of mixtures of solids," Physica, 
vol. 12, pp. 257-271, 1946. 
[157] S. B. Jones and S. P. Friedman, "Particle shape effects on the effective permittivity of 
anisotropic or isotropic media consisting of aligned or randomly oriented ellipsoidal 
particles," Water Resource. Res., vol. 36, pp. 2821-2833, 2000. 
[158] P. Stott, "Combustion in tropical biomass fires: a critical review," Progress in Physical 
Geography, vol. 24, pp. 355-377, 2000. 
[159] L. Núñez-Regueira, J. Rodrı́guez, J. Proupı́n, and B. Mouriño, "Design of forest biomass 
energetic maps as a tool to fight forest wildfires," Thermochimica Acta, vol. 328, pp. 111-120, 
1999. 
[160] A. P. Dimitrakopoulos and K. Papaioannou, "Flammability Assessment of Mediterranean 
Forest Fuels," Fire Technology, vol. 37, pp. 143-152, 2001 2001. 
[161] S. Liodakis, I. Antonopoulos, and T. Kakardakis, "Evaluating the use of minerals as forest fire 
retardants," Fire Safety Journal, vol. 45, pp. 98-105, 2010. 
[162] H. E. Anderson, "Forest fuel ignitibility," Fire Technology, vol. 6, pp. 312-319, 1970/11/01 
1970. 
[163] H. P. Possingham, H. N. Comins, and I. R. Noble, "The fire and flammability niches in plant 
communities," Journal of Theoretical Biology, vol. 174, pp. 97-108, 1995. 
[164] F. R. Scarff and M. Westoby, "Leaf litter flammability in some semi-arid Australian 
woodlands," Functional Ecology, vol. 20, pp. 745-752, 2006. 
[165] M. T. Hallikainen, F. T. Ulaby, M. C. Dobson, M. A. El-Rayes, and W. Lil-Kun, "Microwave 
Dielectric Behavior of Wet Soil-Part I: Empirical Models and Experimental Observations," 
Geoscience and Remote Sensing, IEEE Transactions on, vol. GE-23, pp. 25-34, 1985. 
[166] D. K. Ghodgaonkar, V. V. Varadan, and V. K. Varadan, "Free-space measurement of 
complex permittivity and complex permeability of magnetic materials at microwave 





[167] P. Debye, Polar molecules: Dover, 1929. 
[168] H. Liebe, G. Hufford, and T. Manabe, "A model for the complex permittivity of water at 
frequencies below 1 THz," International Journal of Infrared and Millimeter Waves, vol. 12, 
pp. 659-675, 1991/07/01 1991. 
[169] M. E. Tiuri, A. H. Sihvola, E. Nyfors, and M. Hallikaiken, "The complex dielectric constant 
of snow at microwave frequencies " IEEE Journal of Oceanic Engineering, vol. 9, pp. 377 - 
382 1984  
[170] A. Stogryn and G. Desargant, "The dielectric properties of brine in sea ice at microwave 
frequencies," Antennas and Propagation, IEEE Transactions on, vol. 33, pp. 523-532, 1985. 
[171] A. H. Sihvola and I. o. E. Engineers, Electromagnetic Mixing Formulas and Applications: 
Institution of Electrical Engineers, 1999. 
[172] J. C. Maxwell-Garnett, "Colours in metal glasses and metal films," Phil. Trans. R. Soc. Lond. 
Series A, vol. 203, pp. 385-420, 1904. 
[173] J. C. Maxwell-Garnett, "Colours in Metal Glasses, in Metallic Films, and in Metallic 
Solutions. II," Phil. Trans. R. Soc. Lond. Series A, vol. 205, pp. 237-288, 1906. 
[174] C. J. F. Böttcher, "The dielectric constant of dipole liquids," Physica, vol. 5, pp. 635-639, 
1938. 
[175] F. Capolino, Theory and Phenomena of Metamaterials. Boca Raton, FL: Taylor & Francis 
Group, 2009. 
[176] Y. Qing, W. Zhou, S. Jia, F. Luo, and D. Zhu, "Dielectric properties of carbon black and 
carbonyl iron filled epoxy–silicone resin coating," Journal of Materials Science, vol. 45, pp. 
1885-1888, 2010. 
[177] G. P. De Loor, "Dielectric properties of heterogeneous mixtures with a polar constituent," 
Applied Scientific Research, Section B, vol. 11, pp. 310-320, 1964/05/01 1964. 
[178] V. I. Spiridonov, "A relaxation model for the dielectric properties of water in heterogeneous 
mixtures," Measurement Techniques, vol. 25, pp. 448-451, 1982/05/01 1982. 
[179] M. C. Dobson, F. T. Ulaby, M. T. Hallikainen, and M. A. El-Rayes, "Microwave Dielectric 
Behavior of Wet Soil-Part II: Dielectric Mixing Models," Geoscience and Remote Sensing, 
IEEE Transactions on, vol. GE-23, pp. 35-46, 1985. 
[180] M. T. Hallikainen, F. T. Ulaby, M. C. Dobson, M. A. El-Rayes, and W. Lil-Kun, "Microwave 
Dielectric Behavior of Wet Soil-Part 1: Empirical Models and Experimental Observations," 
Geoscience and Remote Sensing, IEEE Transactions on, vol. GE-23, pp. 25-34, 1985. 
[181] V. V. Tikhonov, "Dielectric model of bound water in wet soils for microwave remote 
sensing," in Geoscience and Remote Sensing, 1997. IGARSS '97. Remote Sensing - A 
Scientific Vision for Sustainable Development., 1997 IEEE International, 1997, pp. 1108-
1110 vol.3. 
[182] S. P. Friedman, "A saturation degree‐dependent composite spheres model for describing the 
effective dielectric constant of unsaturated porous media," Water Resources Research, vol. 




[183] D. Boyarskii, V. Tikhonov, and N. Y. Komarova, "Model of dielectric constant of bound 
water in soil for applications of microwave remote sensing," Progress In Electromagnetics 
Research, vol. 35, pp. 251-269, 2002. 
[184] U. Kaatze, "Bound water: Evidence from and implications for the dielectric properties of 
aqueous solutions," Journal of Molecular Liquids, vol. 162, pp. 105-112, 2011. 
[185] S. Parez, M. Předota, and M. Machesky, "Dielectric Properties of Water at Rutile and 
Graphite Surfaces: Effect of Molecular Structure," The Journal of Physical Chemistry C, vol. 
118, pp. 4818-4834, 2014/03/06 2014. 
[186] A. B. Tarbell, "Small Radar Cross Section Measurements,"  vol. ECOM-4008, N. T. I. 
Service and U. D. o. Commerce, Eds., ed. Fort Monmouth, New Jersey, August 1972. 
[187] V. K. Kiselyev and T. M. Kushta, "Method for radar cross section measurements in 
millimeter and submillimeter wave regions," International Journal of Infrared and Millimeter 
Waves, vol. 16, pp. 1159-1165, 1995. 
[188] V. K. Kiseliov and T. M. Kushta, "Forward and backward electromagnetic scattering from a 
perfectly conducting sphere inside a circular hollow dielectric waveguide," 
Telecommunications and Radio Engineering (English translation of Elektrosvyaz and 
Radiotekhnika), vol. 51, pp. 16-20, 1997. 
[189] V. K. Kiseliov and T. M. Kushta, "Modeling of radar scattering conditions inside a circular 
hollow dielectric waveguide," International Journal of Infrared and Millimeter Waves, vol. 
18, pp. 1517-1524, 1997. 
[190] V. K. Kiseliov, T. M. Kushta, and P. K. Nesterov, "Quasi-optical waveguide modeling 
method and microcompact scattering range for the millimeter and submillimeter wave bands," 
IEEE Transactions on Antennas and Propagation, vol. 49, pp. 784-792, 2001. 
[191] V. K. Kiseliov, "Physical modeling of electromagnetic scattering in the quasi-optical 
transmission lines," in Physics and Engineering of Microwaves, Millimeter, and 
Submillimeter Waves, 2004. MSMW 04. The Fifth International Kharkov Symposium on, 
2004, pp. 140-145 Vol.1. 
[192] V. K. Kiseliov and S. V. Mizrakhi, "Automated system of quasioptical polarimetric micro-
compact range," in Microwave & Telecommunication Technology, 2009. CriMiCo 2009. 19th 
International Crimean Conference, 2009, pp. 791-792. 
[193] A. B. Tarbell, "Small Radar Cross Section Measurements,"  vol. ECOM-4008, U. S. A. E. 
Command, Ed., ed. Fort Monmouth, New Jersey: National Technical Infomation Service, US 
Department of Commerce, August, 1972. 
[194] D. Le Vine, "The radar cross section of dielectric disks," Antennas and Propagation, IEEE 
Transactions on, vol. 32, pp. 6-12, 1984. 
[195] D. M. Le Vine, A. Schneider, R. H. Lang, and H. Carter, "Scattering from thin dielectric 
disks," Antennas and Propagation, IEEE Transactions on, vol. 33, pp. 1410-1413, 1985. 
[196] A. Vallecchi, "Physical Optics Curved-Boundary Dielectric Plate Scattering Formulas for an 
Accurate and Efficient Electromagnetic Characterization of a Class of Natural Targets," 




[197] M. A. Karam, A. K. Fung, and Y. M. M. Antar, "Electromagnetic wave scattering from some 
vegetation samples," Geoscience and Remote Sensing, IEEE Transactions on, vol. 26, pp. 
799-808, 1988. 
[198] R. Schiffer and K. O. Thielheim, "Light scattering by dielectric needles and disks," Journal of 
Applied Physics, vol. 50, pp. 2476-2483, 1979. 
[199] K. Il-Suek and K. Sarabandi, "A new approximate solution for scattering by thin dielectric 
disks of arbitrary size and shape," Antennas and Propagation, IEEE Transactions on, vol. 53, 
pp. 1920-1926, 2005. 
[200] X. Úbeda, P. Pereira, L. Outeiro, and D. A. Martin, "Effects of fire temperature on the 
physical and chemical characteristics of the ash from two plots of cork oak (Quercus suber)," 
Land Degradation & Development, vol. 20, pp. 589-608, 2009. 
[201] D. H. Brainard and B. A. Wandell, "Asymmetric color matching: how color appearance 
depends on the illuminant," J. Opt. Soc. Am. A, vol. 9, pp. 1433-1448, 1992. 
[202] B. M. Mehtre, M. S. Kankanhalli, A. Desai Narasimhalu, and G. Chang Man, "Color 
matching for image retrieval," Pattern Recognition Letters, vol. 16, pp. 325-331, 1995. 
[203] G. Sharma, W. Wu, and E. N. Dalal, "The CIEDE2000 Color-Difference Formula: 
Implementation Notes, Supplementary Test Data, and Mathematical Observations," COLOR 
research and application, vol. Volume 30, pp. 21-30, 2005. 
[204] Z. Bingsen, Z. Yongchang, Y. Houjun, L. Xiaojie, Z. Anling, and Z. Zhongwen, "Research on 
numerical analysis for color matching in textile dyeing based on least square Fitting," in 
Intelligence and Security Informatics (ISI), 2011 IEEE International Conference on, 2011, pp. 
289-292. 
[205] W. du Preez and J. J. D. van Schalkwyk, "Processing of dynamic radar cross section 
measurements," in Communications and Signal Processing, 1992. COMSIG '92., Proceedings 
of the 1992 South African Symposium on, 1992, pp. 29-32. 
[206] S. Y. Matrosov, "Radar reflectivity in snowfall," Geoscience and Remote Sensing, IEEE 
Transactions on, vol. 30, pp. 454-461, 1992. 
[207] J. R. Gerhardt, C. W. Tolbert, S. A. Brunstein, and W. W. Bahn, "Experimental 
Determinations of the Back-Scattering Cross-Sections of Water Drops and of Wet and Dry 
Ice Spheres at 3.2 Centimeters," Journal of Atmospheric Sciences, vol. 18, pp. 340-347, 1960. 
[208] C. A. Balanis, Advanced engineering electromagnetics vol. 205: Wiley New York, 1989. 
[209] V. N. Bringi and V. Chandrasekar, Polarimetric Doppler Weather Radar: Principles and 
Applications: Cambridge University Press, 2001. 
[210] M. Steer, "Microwave and RF design: a systems approach," 2009. 
[211] B. R. Mahafza, Radar Systems Analysis and Design Using MATLAB, 2nd ed. Boca Raton: 
Chapman and Hall/CRC, Taylor and Francis Group LLC, 2005. 
[212] M. Skolnik, Radar Handbook, Third Edition: McGraw-Hill Education, 2008. 





[214] P. W. Rosenkranz, "A Model for the Complex Dielectric Constant of Supercooled Liquid 
Water at Microwave Frequencies," Geoscience and Remote Sensing, IEEE Transactions on, 
vol. 53, pp. 1387-1393, 2015. 
[215] W. Rasband, "ImageJ," 1.440 ed: National Institutes of Health, USA, 2010. 
[216] G. Healey, "Segmenting images using normalized color," Systems, Man and Cybernetics, 
IEEE Transactions on, vol. 22, pp. 64-73, 1992. 
l 
 
